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Abstract 
The Effect of Turbulence on Micro Air Vehicle Airfoils 
By 
Edward G. Cruz 
 
Micro air vehicles (MAVs) are small remotely piloted aircraft designed to fly at low 
altitudes and speeds and were developed for specific mission roles of low altitude 
reconnaissance and sensing.  The MAV’s low-speed flight close to the ground 
exposes the MAV to the low-altitude region of the atmospheric boundary layer that 
results in relatively high turbulence levels, long integral length scales and low 
Reynolds numbers.  In this research work, turbulence intensities comparable to those 
experienced by MAVs flying at low speeds and altitudes are replicated in two wind 
tunnel facilities using mesh grids.  Three airfoils in two and three-dimensional 
configurations were exposed to grid turbulence of varying turbulence intensities and 
integral length scales at low Reynolds numbers.  However, the integral length scales 
were considered shorter than those found in the atmospheric boundary layer.  The 
pressure based method was used to calculate the time-averaged aerodynamic 
performance of each of the airfoils at several turbulence intensities, integral length 
scales and Reynolds numbers.  The wind-tunnel tests of the three airfoils in smooth 
flow and in the presence of the grid turbulence showed that the freestream turbulence 
intensity and longitudinal integral length scale does significantly influence the time-
averaged aerodynamic behavior of the three airfoils. 
 
The effect of the increase in the freestream turbulence intensity and longitudinal 
integral length scale on the flat plate, circular arc and Clark-Y airfoils were only 
beneficial to the time-averaged aerodynamic performance of these airfoils if the 
freestream turbulence intensity and longitudinal integral length scale were increased 
to certain values.  This phenomenon was attributed to the receptivity effect that is 
commonly found in boundary layer research. 
 
As the independent variation of turbulence intensity and integral length scale was not 
possible, it is difficult to draw definite conclusions about the influence of each 
parameter.  However, whilst the aerodynamic performance generally improved on the 
 v 
turbulence intensity and integral length scale increase, this was shown to be not 
always the case.  Since the changes in the aerodynamic performance for a thin 
symmetrical flat plate, a cambered version of the same flat plate and a commonly 
used thicker cambered airfoil (Clark-Y airfoil) were significant, it is recommended 
that the effects of turbulence intensity, length scale and Reynolds number be further 
studied and focused on increasing the replicated length scales to those found in the 
atmospheric boundary layer. 
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Nomenclature 
 
AR = Aspect ratio 
b = Wingspan, (mm or m) 
Cd = Airfoil drag coefficient 
Cd(αmax) = Airfoil drag coefficient at stall angle of attack 
Cl = Airfoil lift coefficient 
Cl(max) = Maximum airfoil lift coefficient 
Cl/Cd = Airfoil lift-to-drag ratio 
(Cl/Cd)max = Maximum lift-to-drag ratio 
CN = Overall normal force coefficient 
in
C  = Normal force coefficient acting in the vertical direction 
inC∆  = Normal force coefficient differential 
ibottomn
C  = Bottom pressure tap normal force coefficient acting in the 
vertical direction 
itop
nC  = Top pressure tap normal force coefficient acting in the vertical 
direction 
Cp = Pressure coefficient 
bottomp
C   Bottom pressure tap pressure coefficient 
ipn
C  = Resultant force coefficient acting normal from the pressure tap 
toppC  = Top pressure tap pressure coefficient 
CT = Overall tangential force coefficient 
it
C  = Tangential force coefficient acting in the streamwise direction 
itC∆  = Tangential force coefficient differential 
ibottomt
C  = Bottom pressure tap tangential force coefficient acting in the 
streamwise direction 
itop
tC  = Top pressure tap tangential force coefficient acting in the 
streamwise direction 
c = Chord, (mm) 
D = Grid width, (m) 
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d = Zero-plane displacement height above the ground surface, (m) 
Chord length projected on the cross-stream plane, (m) 
Grid width, (m) 
E(f) = One-dimensional power spectral density 
f = Frequency, (Hz) 
Frequency of the instabilities, (Hz) 
Iu = Freestream longitudinal turbulence intensity, (%) 
effxMAV
J  = Effective streamwise turbulence intensity being experienced by 
the MAV 
effyMAV
J  = Effective spanwise turbulence intensity being experienced by the 
MAV 
effzMAV
J  = Effective vertical turbulence intensity being experienced by the 
MAV 
k = von Karman constant 
L = Integral length scale vector, (m) 
( )RxuL  = Streamwise integral length scale at reference height, (m) 
Lx = Streamwise integral length scale component, (m) 
Lxml = Streamwise integral length scale at model location, (m) 
Ly = Spanwise integral length scale component, (m) 
Lz = Vertical integral length scale component, (m) 
M = Grid mesh length, (m) 
Patm = Ambient atmospheric pressure, (Pa) 
Pbottom = Bottom pressure tap static pressure, (Pa) 
PDP 000# = DP module pressure output, (Pa) 
PDP 000# std dev  Standard deviation of DP module pressure output, (Pa) 
topP  = Top pressure tap static pressure, (Pa) 
∞sP  = Freestream static pressure, (Pa) 
dp  = Dynamic pressure, (Pa) 
ip  = Cobra probe outer-hole pressures in decreasing magnitude, (Pa) 
jp    
kp    
tp  = Total pressure, (Pa) 
 xvi
0p  = Center-hole pressure, (Pa) 
qref = Reference dynamic pressure, (Pa) 
q∞ = Freestream air dynamic pressure, (Pa) 
R = Gas constant for air, (m2/[sec2 °K]) 
Re = Reynolds number 
Rec = Reynolds number based on airfoil chord 
RE(t) = Auto-correlation vector 
dRo  = Roshko number based on the chord length projected on the cross-
stream plane 
SAR = Semispan aspect ratio 
dSr  = Strouhal Number 
St = Strouhal Number 
Tatm = Ambient atmospheric temperature, (°C or °K) 
t = time, (sec) 
t/c = Thickness to chord ratio, (%) 
TI = Turbulence intensity, (%) 
TI∞ = Freestream turbulence intensity, (%) 
TI∞ml = Freestream turbulence intensity at model location, (%) 
TITWu = turbulent wind turbulence intensity in the longitudinal direction, 
(%) 
TIx = Streamwise turbulence intensity component, (%) 
TIy = Spanwise turbulence intensity component, (%) 
TIz = Vertical turbulence intensity component, (%) 
U = Mean flow velocity, (m/sec) 
UR = Mean velocity at reference height, (m/sec) 
U∞ = Freestream velocity, (m/sec) 
U∞(cp) = Freestream velocity read by Cobra probe, (m/sec) 
U∞(ps) = Freestream velocity read by pitot-static probe, (m/sec) 
U∞ref = Reference freestream velocity, (m/sec) 
u = Streamwise wind velocity, streamwise fluctuating velocity 
component, (m/sec) 
u(Cd) = Uncertainty in drag coefficient 
 xvii
u(Cl) = Uncertainty in lift coefficient 
u(Cl/Cd) = Uncertainty in lift-to-drag ratio 
u(Cp) = Uncertainty in pressure coefficient 
u(Lx) = Uncertainty in streamwise integral length scale, (m) 
u(q∞) = Uncertainty in dynamic pressure, (Pa) 
u(Re) = Uncertainty in Reynolds number 
u(TI∞) = Uncertainty in freestream turbulence intensity, (%) 
u(U∞) = Uncertainty in the freestream air velocity, (m/sec) 
u(U∞(cp)) = Uncertainty in the freestream air velocity read by the Cobra 
probe, (m/sec) 
u(θ(cp)) = Uncertainty in flow yaw angle read by Cobra probe, (°) 
uw = Mean freestream velocity, (m/sec) 
0*u  
= Surface friction velocity, (m/sec) 
2u  
= Root-mean-square of the fluctuating streamwise velocity 
component, (m/sec) 
2TWu  
= standard deviation or root-mean-square of the streamwise 
turbulent wind velocity component. 
effMAV
V  = MAV effective velocity, (m/sec) 
effx
MAVV  = MAV effective streamwise velocity, (m/sec) 
effy
MAVV  = MAV effective spanwise velocity, (m/sec) 
effz
MAVV  = MAV effective vertical velocity, (m/sec) 
Vr  Flow resultant velocity vector, (m/sec) 
v = spanwise fluctuating velocity component, (m/sec) 
2TWv  
= standard deviation or root-mean-square of the spanwise turbulent 
wind velocity component. 
2v  
= Root-mean-square of the fluctuating spanwise velocity 
component, (m/sec) 
w = vertical fluctuating velocity component, (m/sec) 
   
 xviii
2w  
= Root-mean-square of the fluctuating vertical velocity component, 
(m/sec) 
2TWw  
= standard deviation or root-mean-square of the vertical turbulent 
wind velocity component. 
dX  = Nondimensional Cobra probe dynamic pressure ratio 
tX  = Nondimensional Cobra probe total pressure ratio 
effMAV
X  = MAV effective streamwise coordinate axis 
1X  = Nondimensional Cobra probe pressure ratio #1 
2X  = Nondimensional Cobra probe pressure ratio #2 
x = Distance from grid, (m) 
Chordwise distance, (mm) 
Pressure tap location, (mm) 
xi = Chordwise coordinate of pressure tap segment 
effMAV
Y  = MAV effective spanwise coordinate axis 
y = Spanwise traversing distance, (mm) 
yi = Vertical coordinate of pressure tap segment 
TL
y  = Spanwise traversing length, (mm) 
∆(y/yTL) = Spanwise grid spacing 
Z = Height above the ground surface, (m) 
effMAV
Z  = MAV effective vertical coordinate axis 
z0 = Aerodynamic roughness length, (m) 
z = Vertical traversing distance, (mm) 
z
 
= Effective height above ground, (m) 
TL
z  = Vertical traversing length, (mm) 
∆(z/zTL) = Vertical grid spacing 
α
 
= Angle of attack, (°) 
Flow pitch angle, (°) 
αmax = Stall angle of attack, (°) 
β = Grid porosity 
iγ  = Gradient angle of the pressure tap segment, (°) 
 xix
θ(cp) = Flow yaw angle read by Cobra probe, (°) 
effMAV
θ  = MAV effective yaw angle, (°) 
Λx = Longitudinal integral length scale, (m) 
ν  = Freestream kinematic viscosity, (m2/sec) 
effMAV
φ  = MAV effective roll angle, (°) 
µ  = Coefficient of viscosity for air, (kg/[m⋅sec]) 
ρ∞ = Freestream air density, (kg/m3) 
TWxσ  = standard deviation or root-mean-square of the streamwise 
turbulent wind velocity component. 
TWyσ  = standard deviation or root-mean-square of the spanwise turbulent 
wind velocity component. 
TWzσ  = standard deviation or root-mean-square of the vertical turbulent 
wind velocity component. 
ψ  = Flow yaw angle, (°) 
effMAV
ψ  = MAV effective pitch angle, (°) 
 
Abbreviations 
 
AWT = Aerospace Wind Tunnel 
DPMS = Dynamic Pressure Measurement System 
DP = Dynamic Pressure (module) 
IWT = Industrial Wind Tunnel 
LSB = Laminar Separation Bubble 
MAV = Micro Air Vehicle 
TFI = Turbulent Flow Instrumentation (Pty. Ltd.) 
STL = stereo-lithographic 3D CAD data 
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Chapter 1  Introduction 
 
1.1  Micro Air Vehicles 
 
Miniature remotely-piloted aircraft, known as Micro Air Vehicles (MAVs) have been 
developing continuously since the early 1990s.  MAVs were recently developed 
because of the need for low-cost, dispensable, portable and stealthy intelligence and 
reconnaissance gathering aircraft.  MAVs are a new breed of aircraft that can fly at 
very slow speeds and at low altitudes at very short ranges.  They are small; similar in 
size and weight to that of a small bird.  Their small size and weight potentially allows 
MAVs to be carried with ease by one person and be reasonably undetectable.  Other 
advantages of MAVs are the abilities to be cost-effective and expendable.  MAVs 
were created for unique mission profiles.  Their expected military mission roles 
include close range combat reconnaissance, surveillance, communications, sensor 
placement and target evaluation.  For civilian mission roles, they can be expected to 
assist in law enforcement duties such as hostage and disaster rescue, border patrol, 
traffic surveillance and riot control (Davis, et al., 1996, Ashley, 1998, Dorheim, 
1998). 
 
The maximum dimensions of a typical MAV, either in length or wingspan was 
initially designed to be about 150 mm1.  The takeoff weight of a typical MAV was 
expected to be about 85 grams.  MAVs were expected to fly between 20 minutes to 2 
hours with a maximum range of a few miles at a cruising speed of 64 to 80 kph 
(Davis, et al., 1996, Ashley, 1998, Dorheim, 1998).  Their operating altitude was 
estimated to be about 46 to 61 m, but could be extended to about 150 m for maximum 
detection avoidance (Fulghum, 1998).  MAVs are expected to fly in urban, jungle and 
open terrain environments.  Their flight could be limited by winds of greater than 48 
kph, fog, dust and rain.  Flying near buildings in an urban environment where sudden 
wind bursts occur might bring down a MAV (Davis, et al., 1996, Ashley, 1998, 
Dorheim, 1998). 
 
                                                 
1
 Note that the original dimensions and specifications were originally in Imperial or English units, but 
were converted to SI units for consistency. 
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During the early development of MAVs, several design challenges were identified.  
These design challenges involve avionics, propulsion, flight controls, structures and 
aerodynamics.  Because of their small size, equipment that is needed for avionics, 
propulsion, flight control, structures and aerodynamics, such as actuators, motors, 
cameras and other equipment would have to be miniaturized.  The chosen propulsion 
system should be small in size and weight in addition to providing adequate power for 
all flight conditions and must also be relatively quiet.  Flight control and stability 
issues are expected to occur during low-altitude flight in turbulent flow environment.  
The envisaged problems of the aerodynamics of MAV flight were thought to occur 
because of the small size of the MAV and low flight speed range (Davis, et al., 1996, 
Ashley, 1998, Dorheim, 1998). 
 
Several organizations over the years have been developing MAVs.  Their MAV 
prototypes were intended to explore the engineering problems that MAVs would 
likely encounter during flight.  Some examples of these MAV prototypes are 
described in the following paragraphs. 
 
AeroEnvironment Inc. developed a 150 mm wingspan fixed-wing MAV known as the 
Black Widow (Figure 1.1) that weighed 80 grams.  The Black Widow MAV was 
equipped with a color video camera that allows the pilot to view real-time video 
images.  The Black Widow MAV featured an autopilot system that consisted of 
altitude, heading, airspeed and yaw damping control.  The Black Widow MAV could 
fly up to about 200 m at a approximate speed of 50 kph.  It could stay airborne for 30 
minutes and had a range of 1.8 km (Grasmeyer and Keennon, 2001). 
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Figure 1.1.  Photograph of Grasmeyer’s and Keennon’s 2001 Black Widow final 
MAV prototype. 
 
The U. S. Navy developed several MAV prototypes weighing 130 to 350 grams 
known as the Micro Tactical Expendable (MITE) air vehicle (Figure 1.2).  The MITE 
was a twin-propeller fixed-wing MAV that had a 250 mm chord and wingspan of 250 
to 470 mm.  The MITE was capable of flying for 30 minutes at speeds of 16 to 32 
kph.  It used optical flow sensing to fly at a fixed altitude and to avoid colliding with 
objects (N.B.  Optical flow sensing is a technique that provides a moving observer to 
sense the relative movement of the environment with a minimum of processing 
power.)  Flying insects uses this technique to avoid attack from predators, avoid 
obstacles and land on objects (Kellogg, J., et al., 2001, Kellogg, J., et al., 2002, 
Ailinger, 1999). 
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Figure 1.2.  Photograph of U. S. Navy MITE 4 MAV (Kellogg, et al., 2002). 
 
Roberts, et al., (2002) developed a solar-powered MAV named Sunbeam I (Figure 
1.3) that could fly at speeds ranging from 8 to 10 m/sec.  The Sunbeam I had a 
wingspan of 380 mm and a mass of 62 g. 
 
 
Figure 1.3.  Drawing of Sunbeam I (Roberts, et al., 2002). 
 
Brigham Young University (BYU) developed and built an electrically-powered MAV 
(Figure 1.4) that could fly for two minutes.  The MAV had a maximum dimension of 
99 mm and weighed 14 grams.  A larger MAV was also developed having a 
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maximum dimension of 120 mm that was able to fly for fourteen minutes (Peterson, 
et al., 2003). 
 
 
Figure 1.4.  Picture of BYU MAV (Peterson, et al., 2003) 
 
Sun, et al., (2005) built an electrically-powered MAV (Figure 1.5) having a cropped-
delta wing planform that had a wingspan of 100 mm.  Their MAV was equipped with 
an onboard camera, weighed 119 grams and was capable of flying at 8 to 10 m/sec at 
an altitude of 100 m for more than five minutes. 
 
 
Figure 1.5.  Photograph of the MAV built by Sun, et al. (2005). 
 
The French National University of Aeronautics and Space (Supaero), in Toulouse, 
France developed a twin-engined biplane MAV (Figure 1.6) that weighed 80 grams 
and had a wingspan of 200 mm.  The biplane MAV could fly at a maximum speed of 
10 m/sec and was equipped with a video camera and transmitter (Coppinger, 2006). 
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Figure 1.6.  Picture of Supaero MAV (Coppinger, 2006). 
 
1.2  Low Reynolds Number Aerodynamics 
 
Problems of MAV aerodynamics arise from their small size and low operating flight 
speed range (Ashley, 1998).  The poor aerodynamic performance of the MAV is 
usually due to the laminar boundary layer flow around the MAV’s lifting surfaces.  
The MAV’s low Reynolds number flight leads to a laminar boundary layer flow that 
can easily separate, which affects the aerodynamic performance of the MAV in an 
adverse manner as noted by many authors (Ashley, 1998, Davis, et al, 1996, 
Dornheim, 1998, Fulghum, 1998). 
 
1.2.1  Flow Description 
 
The Reynolds number is defined as the ratio of inertial forces to the viscous forces 
being exerted on the body while in flight (Houghton and Carpenter, 2003).  As an 
example, a Boeing 747 jet aircraft would have a chord Reynolds number range 4 × 
107 to 1.7 × 108 depending on the flight condition, while a MAV would have a chord 
Reynolds number range of 5 × 104 to 1 × 105.  Comparisons of different natural and 
man-made flying objects are shown in Figure 1.7 in terms of the Reynolds number, 
flight speed and Mach number.  From Figure 1.7, the MAV would fall into the same 
flight regimes of birds, bats, model airplanes and small remotely-piloted vehicles.  
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The large difference in the chord Reynolds number between a Boeing 747 and a MAV 
(by an order of three) presents different flow scenarios in both cases (Mueller, 1985). 
 
 
Figure 1.7.  Relative scale of various flight objects (except the wind turbine) based on 
flight speed, Reynolds Number and Mach Number (Mueller, 1985). 
 
The airfoil’s boundary layer determines the aerodynamic performance of an airfoil 
and is influenced by the Reynolds number.  The regions of separated flow that occur 
on the upper surface of the airfoil and the possible transition from a laminar to a 
turbulent boundary layer is sensitive to the Reynolds number, along with the  pressure 
gradient, and external flow disturbances.  The occurrence of boundary layer 
separation and transition will dictate the aerodynamic performance of the airfoil.  
Proper control of the boundary layer is therefore required to design and build a low 
Reynolds number vehicle, such as a MAV (Mueller, 1999). 
 
The behavior of the boundary layer on the top surface of an MAV at low Reynolds 
numbers has a strong influence on the aerodynamic and moment forces of the MAV.  
Aerodynamic forces and moments of the MAV are influenced by the growth of the 
boundary layer and the possibility of separation.  The growth of the boundary layer 
and the possibility of its separation is strongly influenced by the MAV’s geometry, 
the smoothness of the MAV’s surface and the freestream flow quality, i.e. intensity of 
turbulence and type of disturbance (Mueller, 1985). 
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At low values of Reynolds numbers, the boundary layer can have several states.  The 
first state occurs when a laminar boundary layer exist on the airfoil’s surface.  At low 
angles of attack, the laminar boundary layer can remain attached to the airfoil’s 
surface close to the leading edge of the airfoil because of the favorable pressure 
gradient, but then may separate downstream of the maximum thickness of the airfoil 
because of the adverse pressure gradient. 
 
The second state provides the best airfoil performance.  This state occurs when the 
laminar boundary layer transitions to a turbulent boundary layer prior to reaching the 
critical adverse gradient that would cause separation.  The turbulent boundary layer 
(with its higher energy content) tends to remain attached to the airfoil’s surface 
compared to a laminar boundary layer as it flows through the adverse pressure 
gradient region of the airfoil’s surface. 
 
The laminar boundary layer can sometimes separate near the leading edge of the 
airfoil.  When the separation of the laminar boundary layer occurs, a periodic wake is 
produced that reduces the airfoil’s performance.  Then, the third state of the boundary 
layer is formed when the separated laminar free shear layer reattaches itself to the 
airfoil’s surface.  Alternatively, the separated laminar free shear layer may transition 
to a separated turbulent free shear layer and then reattach to the airfoil’s surface.  The 
formation of a region of re-circulating flow is formed in both flow scenarios once 
flow reattachment occurs.  This region of re-circulating flow is known as the laminar 
separation bubble (LSB) (Mueller, 1985). 
 
For MAVs, the Reynolds Number range may extend from approximately 50,000 to 
150,000.  Mueller (1999) and Mueller and Delaurier (2003) stated that the selection of 
wing section or airfoil in the Reynolds number range of 30,000 to 70,000 was 
important.  If a relatively thick airfoil is selected, > 6 % t/c, significant hysteresis 
effects can occur, caused by laminar separation with transition to turbulent flow.  This 
hysteresis effect is a result of the separation of the laminar boundary layer and its 
transition to turbulent flow.  Thin airfoils can provide reasonable aerodynamic 
performance near Re ≤ 70,000. 
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At 70,000 ≤ Re ≤ 200,000, full laminar boundary layer flow is attainable.  This is the 
Re range where small radio control aircraft fly.  This may result in improved airfoil 
performance.  Some airfoils may still encounter the laminar separation bubble (LSB).  
Large birds, large radio control aircraft and human powered aircraft operate at Re ≥ 
200,000.  At this Reynolds number range, airfoil aerodynamic performance is 
improved compared with lower Reynolds numbers (Mueller, 1999, Mueller and 
Delaurier 2003, Carmichael, 1981). 
 
The various states of the boundary layer at the low Re range for MAVs can also be 
seen in the case of the flow past a flat plate.  In Figure 1.8, the drag coefficient of a 
flat plate is shown as it varies with Re.  The lowest straight line gives the laminar flat 
plate friction coefficient.  The next line up extending from 105 to 109 gives the 
turbulent flat plate friction coefficient. The remaining two lines are the drag 
coefficients of spheres and cylinders.  The decrease in the drag of cylinders and 
spheres at a Reynolds number of 400,000 occurs when the laminar boundary layer 
transitions to a turbulent boundary layer. 
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Figure 1.8.  Drag coefficient of a flat plate as a function of Reynolds number (redrawn 
from Carmichael, 1981). 
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1.2.2  The Laminar Separation Bubble 
 
As mentioned previously, laminar separation bubbles (LSBs) occur on the upper 
surface of airfoils at low Reynolds numbers.  Decreasing the Reynolds number makes 
the LSB grow in size.  The growth of the LSB results in the degradation of the 
airfoil’s aerodynamic performance (Mueller, 1999; Mueller and Delaurier, 2003).  
The laminar boundary layer separates at some point to form a free shear layer at Re ≤ 
50000.  This free shear layer may then reattach itself again to the airfoil’s surface 
provided that it can recover enough energy through entrainment.  An LSB that can 
cover 15 % to 40 % of the airfoil’s surface is known as a long LSB.  Stall occurs 
when the long LSB extends to the trailing edge.  A short LSB increases the lift 
linearly until stall occurs when the short LSB burst. 
 
Horton (1968) provided a sketch of a short laminar separation bubble and its signature 
on the upper surface’s pressure distribution of an airfoil (Figure 1.9).  The flow 
structure of the laminar separation bubble is defined by the region between the 
separation point (S) and re-attachment point (R) of the laminar boundary layer.  Inside 
this region, a free shear layer flows around and above a re-circulating bubble that is 
separated by a dividing streamline from the re-circulating bubble.  The re-circulating 
bubble comprises of a “dead air” region and a reverse flow vortex which re-circulate 
below the dividing streamline (Horton, 1968). 
 
The signature of a short laminar separation bubble on the upper surface of an airfoil is 
shown in Figure 1.9.  The constant value of the negative pressure distribution as the 
flow progresses downstream identifies the laminar free shear layer region from the 
separation point (S) to the transition point (T).  As the turbulent free shear layer 
region re-attaches to the airfoil’s surface (R), the negative pressure distribution 
increases (Horton, 1968). 
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Figure 1.9.  A sketch of the LSB (Horton, 1968). 
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Brendel and Mueller (1988) obtained mean velocity information using laser and 
thermal anemometry in the region near to the LSB on a Wortmann FX 63-137 airfoil 
at Re = 1 × 105, 1.5 × 105 and 2 × 105.  They showed that the transition in the 
separated shear layer of the LSB is affected by the boundary layer features at the 
separation.  The transition Reynolds number was found to increase with the increasing 
momentum thickness Reynolds number at separation.  They stated that the proximity 
of the free shear layer to the airfoil’s surface influences the stability of the flow by 
preventing vortical structure formation and pairing that would have led to turbulence 
in free shear flow. 
 
Computational models of the LSB have been developed for use in airfoil design 
programs for low Re airfoils.  Dini and Maughmer (1994) developed a laminar 
separation bubble model for their own airfoil design and analysis program.  Their 
LSB model was performed by the integral boundary layer method using the 
approximation of the local viscous/inviscid interaction, the location of the transition 
point and the turbulent reattachment process.  They stated that their LSB model, based 
on comparison with experimental data was valid in the range 1 × 105 ≤ Re ≤ 2 × 106. 
 
Cherry, et al., (1984) showed that the LSB can be very unsteady and three 
dimensional.  They conducted fluctuating pressure and velocity measurements on a 
flat plate airfoil model with a streamlined trailing edge.  The flat plate airfoil model 
had a chord of 1.37 m, thickness of 0.381 m and wing span of 0.6 m.  The fluctuating 
pressure and velocity measurements were conducted using surface mounted pressure 
transducers.  Their wind-tunnel tests were carried out at Re = 11.5 × 104 ± 0.7 × 104.  
They stated that the oscillation of the flow inside the LSB was occurring at low 
frequencies.  The low frequency oscillatory behavior became more pronounced close 
to the separation point where it produced a weak flapping motion of the separated 
shear layer.  They noted that the time scale of the low frequency oscillation of the air 
flow within the separation bubble was nearly equal to the characteristic time scale of 
the separated shear layer and caused the LSB to switch between various shedding 
phases.  Cherry, et al., (1984) defined these shedding phases through their smoke flow 
observations of unsteady shedding of vortical structures from the reattachment region 
and the shedding of large scale vorticity. 
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Pauley, et al., (1990) conducted a two-dimensional simulation of the effect of a 
sudden introduction of an external adverse gradient on the separation of a two-
dimensional flat plate laminar boundary layer using a time-stepping method to solve 
the incompressible Navier Stokes equations.  They discovered that a strong adverse 
pressure gradient gave rise to periodic vortex shedding from the separation point of 
the LSB.  The shedding Strouhal Number, St, based on the local boundary layer edge 
velocity and boundary layer momentum thickness at the separation point was found to 
be constant and independent of the Reynolds number and the pressure gradient.  The 
shedding frequency was found to be equal to the shedding frequency determined by 
the most amplified linear inviscid instability of the separated shear layer. 
 
Ripley and Pauley (1993) extended their previous work and discovered that the 
shedding frequency nondimensionalized by the boundary layer momentum thickness 
was independent of the Reynolds number, Re.  The Strouhal Number was found to be 
different from the previous study by Pauley et al., (1990).  They indicated that the 
shedding frequency was found to vary with the pressure distribution.  They argued 
that the low frequency velocity oscillation detected by Gaster (1966) was due to the 
motion of the large scale vertical structures.  They suggested that the large scale 
vortical structures control the reattachment of the LSB and small scale turbulence 
played only a minor role. 
 
Watmuff (1999) showed that the mean flow inside the LSB was two-dimensional in 
his investigation of.the LSB and its instability mechanism.  He showed that there was 
a clustering in the spanwise direction of the Reynolds shear stresses in the re-
attachment region.  By impulsively disturbing the flow at the separation region of the 
LSB, Watmuff (1999) created a wave packet that is similar to a flow pattern being 
exhibited by Kelvin-Helmholtz instability. 
 
Ol, et al., (2005) performed PIV measurements on a SD7003 airfoil that had a chord 
of 8 in.  The SD7003 airfoil had an aspect ratio of 3.62 in the tests performed with the 
1 m × 1 m × 3 m water tow tank.  In the tests conducted in a low-turbulence wind 
tunnel and water tunnel, the SD7003 airfoil spanned the entire width or height of the 
test sections.  All the tests were conducted at Re = 6 × 104.  They showed that the 
geometry, velocity and turbulence features of the LSB are nearly identical in shape, 
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velocity and turbulence features when they compared their test results.  They noted 
that the differences in the starting location of the LSB and its flow structure were due 
to angle of attack variations or the test section’s turbulence intensity and camera 
resolution. 
1.2.3  Hysteresis 
 
The earliest reference to the phenomenon of hysteresis was made by Schmidt (1942) 
and this phenomenon is well known to aerodynamicists.  Hysteresis results in the 
occurrence of unsteadiness of the aerodynamic forces and pitching moment values 
that occurs at mid to high angles of attack. A difference in the airfoil characteristics is 
noted between increasing angle of attack from a decreasing angle of attack.  The 
effect of hysteresis on the lift and drag coefficients of a Wortmann FX 63-137 at Re = 
77,600 is shown in Figure 1.10. 
 
 
Figure 1.10.  An example of the hysteresis effect (Bastedo and Mueller, 1985). 
 
Pohlen and Mueller (1984) tested two Miley airfoils having a chord of 250 mm and 
wingspan of 421 mm at 7 × 104 ≤ Re ≤ 6 × 105.  Their wind-tunnel tests of the Miley 
airfoils showed that hysteresis loop changed in size and occurred at between 10° to 
18° angle of attack.  The resulting effect on the lift was a 75 % difference and a 60 % 
difference in drag coefficient.  The instability of the hysteresis loop was due to the 
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factors in the test section environment, the freestream turbulence, acoustic excitation 
and boundary layer trips. 
 
Bastedo and Mueller (1985) tested three rectangular wings having an AR = 5.4, 4.0 
and 3.0 at 8 × 104 ≤ Re ≤ 2 × 105.  Each of the wings had a Wortmann FX 63-137 
airfoil section.  Their results showed that the hysteresis loop occurred at the post-stall 
region.  They stated that the hysteresis loop occurred because of the  formation of a 
short LSB and its sudden bursting. 
 
Marchman III and Abtahi (1985) tested a rectangular wing that had a Wortmann FX-
63-137-ESM airfoil section.  Their wing model had a chord of 5 in and wingspan of 
40 in resulting in having an AR = 8.  Lift, drag and pitching moment data were 
obtained at 7 × 104 ≤ Re ≤ 3 × 105 by force balance method in a closed circuit 6 ft × 6 
ft × 28 ft wind tunnel having a freestream turbulence intensity of 0.02 %. Their results 
showed that the Reynolds number influenced the stall behavior of the wing and the 
hysteresis loop. 
 
 
Figure 1.11.  Aerodynamic performance of a Wortmann FX-63-137-ESM airfoil 
section (Marchman III and Abtahi, 1985). 
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1.2.4  Experimental Problems 
 
During wind-tunnel tests of low Reynolds number wings and airfoils, researchers 
have identified several issues.  These are: freestream disturbances, acoustic 
disturbances and model manufacturing accuracy.  These issues influence the behavior 
of the extremely sensitive boundary layer on the airfoil or wing model being tested, 
resulting in the occurrence or non-occurrence of the LSB and hysteresis. 
 
Mueller, et al., (1983) have showed that freestream disturbances influenced the 
boundary layer on the surface of Lissaman 7769 airfoil at Re ≤ 2 × 105.  The effect of 
the freestream disturbances was dependent on its magnitude and frequency content. 
 
Marchman III, et al. (1986) reviewed previous wind-tunnel tests on the Wortmann 
airfoil at different facilities.  The wind-tunnel tests for the Wortmann airfoil they 
reviewed came from the Virginia Tech, Notre Dame and Stuttgart wind tunnel 
facilities.  They argued that increases in turbulence intensity can reduce or eliminate 
the hysteresis loop.  According to Marchman III, et al. (1986), acoustic disturbances 
of the right frequency and magnitude can be more effective than freestream 
turbulence in altering the behavior of the hysteresis loop.  The effect of the acoustic 
disturbance on the aerodynamic performance of their Wortmann airfoil is similar to 
the effects of a similarly artificially-generated disturbance on a thin LSB (Watmuff, 
1999) or on three dimensional free shear layer (Lowson, 1989) 
 
Marchman (1987) reviewed the results of wind-tunnel tests of a Wortmann FX63-137 
airfoil that were tested previously by researchers using the force balance method.  He 
conducted his own wind-tunnel tests using the same Wortmann FX63-137 and similar 
force balance method.  He stated that having a gap at the endplate mounting of a 
semispan wing model (i.e. trying to replicate 2D flow with essentially 3D wing tunnel 
test setup) shifted the lift curve plot so that a given lift coefficient value occurred at a 
lower angle of attack. 
 
Mueller and Batill (1980) studied the LSB near the leading-edge of a NACA 663-018 
airfoil at 4 × 104 ≤ Re ≤ 4 × 105.  They showed that applying localized surface 
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roughness and acoustic excitation could change the development of the airfoil’s 
boundary layer and its aerodynamic performance.  The effect of the localized surface 
roughness (grit) or acoustic disturbance promoted the earlier occurrence of the LSB, 
caused a rapid increase in the lift coefficient and provided a lower maximum lift 
coefficient compared to the smooth NACA 663-018 airfoil at 4 × 104. 
 
Mueller et al., (1986) reviewed their low Re wind-tunnel tests at University of Notre 
Dame using the force balance technique.  They stated that experimental errors and 
differences in results in low Re wind-tunnel testing at different facilities may be 
attributed to instrumentation measurement capabilities at low Re wind-tunnel tests.  In 
force balance measurements, wall and gap effects could affect the results slightly.  
They recommended that an adequate uncertainty or error evaluation be conducted for 
low Re airfoil and wing tests so that researchers at other facilities could compare their 
results better. 
 
Burns and Mueller (1982) tested an Eppler 61 airfoil at 3 × 104 ≤ Re < 2.1 × 105 to 
study the effect of separation and transition on the performance of the airfoil.  They 
conducted smoke flow visualization to relate the behavior of the LSB to the 
aerodynamic performance of the Eppler 61 airfoil.  They showed that the laminar 
separation, transition and turbulent reattachment of the flow above the Eppler 61 
airfoil’s top surface could significantly alter its performance at the Reynolds number 
range of 3 × 104 ≤ Re < 2.1 × 105. 
 
Laitone (1997) performed lift and drag measurements on several thin flat cambered 
plates and a NACA 0012 airfoil model using the force balance method.  The thin flat 
cambered plates and the NACA 0012 airfoil had a chord of 31 mm, wingspan of 248 
mm and aspect ratio of 8.  The airfoil models were tested in a wind tunnel having a 
3.66 m (length) × 0.813 m (width or height) square test section.  The airfoil tests were 
conducted at a freestream velocity of 10 m/sec and turbulence intensity of 0.02 %.  
The results showed that at Re < 7 × 104, the thin flat plate with a 5 % circular arc 
camber produced the highest lift-to-drag ratio and lift coefficient performance.  All 
the thin flat plate airfoil models tested were found to be insensitive to changes in Re 
or increase in the freestream turbulence intensity.  He found that the NACA 0012 
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airfoil model was affected by either changes in Reynolds Number or freestream 
turbulence intensity. 
 
1.3  Low Altitude Turbulence 
 
Since MAVs are limited to operating at altitudes below the thickness of the Earth’s 
boundary layer (unlike most conventional manned aircraft), this flow environment 
will now be considered.  The turbulent flow environment near the Earth’s surface is 
part of the atmospheric boundary layer (ABL).  Substantial research work has been 
devoted to this part of the ABL due to its applications in the fields of civil, wind and 
automotive engineering.  There is also a substantial amount of research for aerospace 
stability and control applications because of the effect of the turbulent flow 
environment on conventional aircraft operations near the ground such as low-altitude 
flight, take-off and landings.  A brief description of the ABL is provided in the next 
section prior to discussing the low altitude turbulence that would be encountered by 
an MAV in flight. 
 
1.3.1  The Atmospheric Boundary Layer 
 
The atmospheric boundary layer (ABL) occurs naturally on the Earth’s atmosphere.  
The ABL is that part of the atmosphere where the influences of friction, and heating 
or cooling effects of the ground, have an effect on the nature of the ABL.  The 
buoyancy and Coriolis forces are crucial parameters in the ABL.  The depth of the 
ABL can extend from 0.5 km to 5 km and is divided into two regions.  The upper 90% 
of the ABL is known as the Ekman or outer layer, where the Coriolis and pressure 
forces have an important role in the behavior while the effects of the Earth’s surface 
roughness are neglected.  In the lower 10% of the ABL, also known as the inner layer, 
the Coriolis force is negligible, but the effects of the Earth’s surface roughness are 
considered important (Monin, 1970, Davidson, 2006).  Garratt (1992) provided a 
sketch of the structure of the ABL in his book (see Figure 1.12). 
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Figure 1.12.  A sketch of the structure of the ABL (Garratt, 1992) 
 
The above description is a very brief and basic description of the ABL.  Further 
details can be found in books on atmospheric turbulence and flows by Garratt (1992), 
Hinze (1975), Lumley and Panofsky (1994). 
 
A MAV will be likely to be flying in the interfacial sublayer.  The MAV will then be 
subjected to the turbulence intensities and scales present in the interfacial sublayer 
when there is any appreciable wind.  Therefore, an idea of how the ABL turbulence 
intensities and scales behave in this interfacial sublayer (and maybe the entire inner 
layer) of the ABL must be known.  Preliminary knowledge of the turbulence 
intensities and length scales in the inner layer and interfacial sublayer will give insight 
into typical turbulence characteristics an MAV may experience.  This might to 
provide a starting point in the design of a suitable artificial turbulence generation in a 
wind tunnel facility that would mimic the levels of turbulence intensities and scales 
found in the inner layer and interfacial sublayer of the ABL. 
 
1.3.2  Turbulence in the Atmospheric Boundary Layer 
 
The turbulent flow in the interfacial layer and/or inner layer is generally referred to as 
low altitude turbulence after the USAF’s aerospace research on the gust response of 
aircraft in the early 60’s and 70’s, regarding the turbulent flow structure at low 
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altitudes.  Examples of USAF’s aerospace research activities in the area of turbulence 
effects on conventional aircraft include McCloskey, et al., 1971 and Eichenbaum, 
1972. 
 
The wind profile of the low altitude ABL or surface layer is defined by Garratt (1992) 
as: 
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where k is the von Karman constant, u is the mean streamwise wind velocity, u*0 is 
the surface friction velocity, Z is the height above the ground surface, d is the zero-
plane displacement height above the ground surface and z0 is the aerodynamic 
roughness length.  Note that sometimes the effective height above ground, z is used 
which is equal to Z − d.  The zero-plane displacement height is given by experimental 
measurement and Garratt (1992) provided values of the zero-displacement height for 
surfaces that contained vegetation.  Equation 1.1 was sometimes referred to as the log 
law and provided a simplified freestream velocity comparison between the wind 
tunnel test facility’s freestream test velocity and the actual wind velocity at altitude 
excluding the density correction for studies in wind engineering. 
 
The integral length scale, L is defined by the following equation (Hinze, 1975). 
 
( )∫∞= 0 E dttRL                  (1.2) 
 
Where L is the integral scale vector having streamwise, Lx spanwise, Ly and vertical, 
Lz components.  RE(t) is the time correlation of the respective instantaneous velocity 
vector in the longitudinal, lateral and transverse directions.  The equation above for 
the integral length scale was used to determine the integral length scales in the wind 
tunnel simulations of the low altitude ABL turbulence (see Chapter 3 for the results of 
the integral length scales of the simulated low altitude ABL turbulence and Appendix 
A.2 for details). 
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1.3.3  Wind Engineering Research on Low Altitude 
Turbulence 
 
A large amount of work in wind engineering has been done in obtaining turbulent 
flow features in the ABL close to the ground using stationary masts equipped with 
anemometers of various types.  The information gathered provides a range of 
turbulence intensities and length scales that the MAV might be exposed to. 
 
In 1982, Flay, et al. performed mean velocity, turbulence intensity, Reynolds stresses 
and co-spectra measurements using several propeller anemometers mounted on 20 m 
tower in a rural environment near Christchurch, New Zealand.  In Figure, 1.13, they 
provide a range of turbulence intensities (with respect to the ground) that could be 
possibly experienced by an MAV in flight at low altitude in a rural environment.  In 
the streamwise direction the range of turbulence intensities could vary from 15 % to 
22 %.  In the cross-stream direction, the turbulence intensity range could vary from 12 
% to 16 % and in the vertical direction, range of turbulence intensities could vary 
from 7 % to 11 %. 
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Figure 1.13.  Range of turbulent intensity components with altitude (Flay et al., 1982). 
 
Tieleman, et al, (1978) provided a comparison of the turbulence characteristics that 
are found in the inner layer of the atmospheric boundary layer and those that were 
obtained in wind tunnel facilities (Table 1.1).  The values of the turbulence intensities, 
R
2 Uu , R
2 Uv and R2 Uw that are found in the inner layer of the atmospheric 
boundary layer could be easily reproduced in the wind tunnel they used for their 
study.  On the other hand, the values of the integral length scales, ( )RxuL  for the inner 
layer of the ABL are much higher than those generated in their wind tunnel facility 
using their method of turbulence generation.  This is because in generating turbulence 
in a wind tunnel facility, the integral length scale is influenced by the geometry of the 
turbulence generating hardware; usually grids at the inlet of the test section, the 
dimensions of which are limited by the test section’s width and height.  The limitation 
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in generating large values of the integral length scale in a wind tunnel environment is 
implied by the decay law for the integral length scale (Hinze, 1975). 
 
 
Table 1.1.  A comparison of the turbulent characteristics between measurements taken 
in the atmospheric inner layer and those in a wind tunnel facility (Tieleman, et al., 
1978). 
 
Prior to undertaking the work documented in this thesis, Milbank, et al., (2005) 
performed turbulence measurements that are expected to be encountered by a typical 
MAV in flight.  They simulated a MAV in low altitude flight by mounting an array of 
TFI Cobra Probes (see Chapter 2 for details on the TFI Cobra Probe and Appendix 
C.1) on top of a ground vehicle.  Photographs of their turbulence measurement setup 
are shown in Figure 1.14. 
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Figure 1.14.  Photographs of the turbulence measurement setup used for low – altitude 
turbulence measurements (Milbank, et al., 2005). 
 
This ground vehicle was driven at several locations in the vicinity of Melbourne, 
Australia to acquire turbulence data that might be experienced by a MAV in flight at 
various terrain conditions.  Their turbulence data simulated an MAV flying at about 4 
m altitude at an indicated flight speed of 10 m/sec encountering various wind speeds.  
Milbank, et al., (2005) results showed that the actual turbulence being experienced by 
a MAV had a range of about 2 % to 25 % and was relatively independent of simulated 
flight direction.  The integral length scales were determined for the case of a hovering 
MAV in a similar windy environment and ranged from 3 m to 22 m.  A sample of 
Milbank’s, et al. (2005) measured turbulence data is shown in Table. 1.2. 
 
 
Table 1.2.  A sample of Milbank’s, et al, (2005) outdoor turbulence measurements. 
 
In addition to the outdoor turbulence measurements made by Milbank’s et al. (2005), 
they replicated aspects of the turbulence in the Monash University Wind Tunnel that 
had a very large test section.  They used grids structures and screens to simulate the 
turbulence data they acquired outdoors.  A summary of their wind-tunnel turbulence 
results are shown in Table 1.3. 
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Table 1.3.  A summary of Milbank’s, et al. (2005) turbulence measurements at the 
Monash University Wind Tunnel. 
 
Milbank’s, et al. (2005) measurements of low altitude turbulence were intended to 
simulate a MAV in flight in a turbulent environment and their wind-tunnel turbulence 
tests attempted to reproduce the turbulence characteristics of their outdoor turbulence 
measurements for a series of MAV flying experiments.  Milbank’s, et al., (2005) work 
provided a reference range of the turbulence characteristics that would be 
implemented in the study described in this thesis. 
 
1.4  Low Altitude Turbulence Generation 
 
In using a wind tunnel to re-create the properties of real life ABL turbulence, 
researchers generally have used turbulence generating structures at the inlet of the 
wind-tunnel test section. Less common methods that were used were to install vertical 
block structures such as spires from the test section floor (e.g. Tieleman, et al, 1978) 
or use of active systems such as moving vanes (e.g. Larssen and Devenport, 2003). 
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1.4.1  Methods of Low-Altitude Atmospheric Turbulence 
Generation 
 
Recent studies by Watkins (1990) and Milbank (2005, 2006) have shown that the 
method of using a grid or mesh to replicate the turbulence in the ABL is the most 
practical way of replicating the ABL turbulence in a wind-tunnel test section.  The 
generation of ABL turbulence (albeit at model scale) originated from wind 
engineering and building aerodynamic research.  The early researchers in building 
aerodynamics realized the need to scale the change of turbulence intensities and mean 
velocities in the ABL with elevation, using roughness elements on the tunnel floor 
and sometimes grids and spires upstream (e.g. see Tieleman and Reinhold, 1978 and 
Maruyama and Ishizaki, 1988).  This technique is now commonplace in such studies.  
However, to get the correct relationship between the length scales of turbulence and 
the building scales, considerably reduced scales (typically 1/100th to 1/1000th) are 
used.  However, it is highly desirable for MAVs to maintain reasonably correct 
Reynolds number due to the sensitivity of the boundary layer, as previously discussed. 
 
1.5  Micro Air Vehicle Flight in Low Altitude Turbulence 
 
In the previous section, the environment at which the MAV will be flying in was 
discussed.  This section examines the relationship between the MAV in flight and the 
low altitude turbulent wind that it encounters.  The relationship between the turbulent 
intensities and length scales that can be generated in a practical experimental 
environment (wind tunnel) and those turbulent intensities and length scales in the low 
altitude environment will be discussed in this section. 
 
The effect of the turbulent freestream on the MAV in flight could be resolved using a 
coordinate transformation method described by Watkins(1990) and Cooper(1984).  
Watkins(1990) used Cooper’s(1984) method of transforming the fixed coordinate 
system of the turbulent wind into a moving coordinate system that was fixed to a 
ground vehicle traveling at constant speed.  In Watkins’(1990) doctoral theses, 
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Cooper’s(1984) method was implemented to study the effects of the ABL turbulence 
close to the ground on ground vehicle aerodynamics. 
 
1.5.1  The Micro Air Vehicle in Turbulent Flight 
 
Consider the coordinate system shown in Figure 1.15 which represents the MAV in 
flight at a given velocity with the effect of the turbulent wind or low altitude, natural 
turbulence.  The effective coordinate system for the MAV has its x-axis aligned with 
the longitudinal flight path of the MAV in the turbulent environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.15.  MAV effective coordinate system in flight in turbulent wind 
environment. 
 
The nomenclature for the coordinate system for the MAV in flight in the turbulent 
environment is given by: 
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In order for the MAV coordinate system shown in Figure 1.15 to be valid, a 
coordinate transformation was performed in a similar fashion demonstrated by 
Watkins(1990) and Cooper(1984) for ground vehicles.  This coordinate 
transformation representing MAV flight in low altitude turbulence could only be 
possible under the condition that the turbulent environment the MAV is exposed to is 
frozen in time, i.e. by invoking Taylor’s hypothesis (Hinze, 1975). 
 
The effective flight velocities of the MAV in the streamwise, spanwise and vertical 
directions when in flight in the turbulent wind are: 
 
x
TWV
x
MAVV
effx
MAVV ±=  
yTW
V
yMAV
V
effy
MAVV ±=  
z
TWV
z
MAVV
effz
MAVV ±=                (1.3) 
 
 29 
The effective turbulence intensities being experienced by the MAV in flight in low 
altitude ABL turbulence in the streamwise, spanwise and vertical direction could be 
deduced following the notations given by Watkins’ et al. (2010). 
 
effx
MAVV
x
σ
effx
MAVJ =  
effy
MAVV
yσ
effy
MAVJ =  
effz
MAVV
z
σ
effz
MAVJ =                 (1.4) 
 
where: 
 
effxMAV
J
 
= Relative (to the MAV) streamwise turbulence intensity 
being experienced by the MAV (%). 
effy
MAVJ  = Relative (to the MAV) spanwise turbulence intensity 
being experienced by the MAV (%). 
effz
MAVJ  = Relative (to the MAV) vertical turbulence intensity being 
experienced by the MAV (%). 
 
2
TWuTWx
σ =  
= standard deviation or root-mean-square of the 
streamwise turbulent wind velocity component. 
 
2
TWvTWy
σ =  
= standard deviation or root-mean-square of the 
spanwise turbulent wind velocity component. 
 
2
TWwTWz
σ =
 
= standard deviation or root-mean-square of the 
vertical turbulent wind velocity component. 
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To illustrate this effect, imagine a MAV flying in an urban or city environment having 
a turbulent wind turbulence intensity in the longitudinal direction, TITWu = 30 %.  The 
effect of increasing the flight velocity of the MAV could be seen in Figure 1.16.  If 
the MAV was hovering with respect to the wind, the MAV would be subject to 
infinite turbulence intensity levels, since by definition, there would be no mean flow 
velocity, yet still a fluctuating component from the standard deviation.  As the flight 
velocity of the MAV increases, the turbulence intensity of the turbulent wind being 
experienced by the MAV decreases.  Thus, there is a very wide range of relative 
turbulence intensities that can be experienced by a MAV, depending on the flight 
speed, atmospheric wind conditions (speed and intensity) and, to a lesser extent, the 
relative direction of the flight to the wind speed. 
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Figure 1.16.  The variation of the effective turbulence intensity experienced by the 
MAV in flight at TITWu = 30 % with the increase in the effective streamwise MAV 
flight velocity (adapted from Watkins, et al., 2010). 
 
Elaborating on the MAV flight scenario depicted in Figure 1.16, let the turbulent wind 
have a streamwise velocity, 
x
TW
V
 of 4 m/sec and turbulent intensity in the 
longitudinal direction, TITWu of 30 %.  Then, the standard deviation of the streamwise 
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turbulent wind velocity component, 
TWx
σ would be 1.2 m/sec.  The resulting 
effective streamwise turbulence intensities being experienced by the MAV is shown 
in Table 1.4. 
 
Effective streamwise 
velocity, 
eff
x
MAV
V , 
(m/sec) 
eff
x
MAV
V
x
σ
 
Actual streamwise MAV 
turbulence intensity being 
experienced by the MAV, 
eff
x
MAV
J  
Actual streamwise MAV 
turbulence intensity 
being experienced by the 
MAV, 
eff
x
MAV
J  (%) 
0 1.2 / 0 ∞ ∞ 
5 1.2 / 5 0.24 24 
10 1.2 / 10 0.12 12 
Table 1.4.  An example of the actual turbulence intensities being experienced by an 
MAV in flight at different flight velocities. 
 
It can be concluded that there is a very large range of relative turbulence intensities 
experienced by a MAV flying through the (relatively turbulent) ABL.  Thus, work on 
this aspect of low Reynolds number airfoils is now considered. 
 
1.6  Previous Research on the Effects of Turbulence on Low 
Reynolds Number Airfoils and Wings 
 
The study of the effects of turbulence on low Re airfoils is relatively scarce.  Some of 
the research focused on the effects of vertical gusts on airfoils.  Some research has 
been related to the flow behavior around an airfoil while subjected to artificially 
generated turbulence.  The latter is related to the study described later in this thesis. 
 
McKeough and Graham (1980) used their modified thin airfoil theory that included 
the effects of the angle of attack of the airfoil to the incoming freestream.  They 
compared their computations for a NACA 0015 airfoil with wind tunnel 
measurements using the same NACA 0015 airfoil.  In the wind tunnel tests of their 
NACA 0015 airfoil, the turbulence was generated by a grid placed well upstream.  
They showed that the under the grid-generated turbulence, the spectra of the lift force 
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of the NACA 0015 airfoil could be influenced by the angle of attack.  The effect of 
the angle of attack on the lift spectra was found to be more pronounced at low 
frequencies. 
 
Mueller, et al., (1983) studied the effects of increasing the freestream turbulence 
intensity on a Lissaman 7769 airfoil.  Their Lissaman 7769 airfoil model had a chord 
of 249 mm and wingspan of 437 mm.  The airfoil was mounted on endplates.  The 
entire wing and endplate assembly was mounted on a two-component force balance 
for lift and drag measurements.  Lift and drag measurements were taken at a Reynolds 
number of 150,000 and they examined the effect of introducing freestream turbulence 
into the flow.  They found that by introducing a 709 meshes/m turbulence screen with 
a turbulence intensity of about 0.3 %, the hysteresis effect on the lift and drag 
performance was eliminated (see Figure 1.17). 
 
 
Figure 1.17.  Effect of turbulence on the aerodynamic performance on a Lissaman 
7769 airfoil (Mueller, et al., 1983). 
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Liu (1986) experimented with a full scale Wortmann FX 63-137 wing under the 
influence of the ABL.  His Wortmann FX 63-137 wing had a wingspan of 3.66 m and 
chord of 0.61 m.  The Wortmann FX 63-137 wing was mounted 6 m above the ground 
using a truck equipped with a force balance and propeller anemometer.  The test 
conditions ranged from a Re range from 80,000 to 450,000 and turbulent intensities of 
8 % to over 40 %.  He stated that unsteady effects being caused by the low altitude 
ABL played a primary role in the reduced frequencies being encountered by the wing 
that had values higher than 0.1. 
 
Lift and pitching coefficient were obtained for a NACA 0012 and NASA LS(1)-0417 
airfoil subjected to turbulence levels of TI∞ = 0.5 % and TI∞ = 1.5 %  by Catalano and 
Fremaux (1987).  Their wind tunnel tests were conducted at Re = 1.5 × 105 to 5.0 × 
105 using laser Doppler and hot wire anemometry methods.  They found that the lift 
coefficient decreased by 15 % at a given angle of attack with the increase in 
freestream turbulence intensity.  The maximum lift coefficient and stall angle of 
attack was found to increase with the increase in the freestream turbulence intensity 
because of the reduction in the possibility of laminar flow separation on the upper 
surface of the airfoils.  The quarter-chord pitching moment coefficient became more 
unstable and more positive at TI∞ = 1.5 %.  The integral scale of the higher turbulence 
intensity of 1.5 % was estimated to be 0.015 m. 
 
Hoffmann (1991) tested a NACA 0015 airfoil having a chord of 154 mm and AR = 
2.9 at Re = 2.5 × 105 in a 0.88 m × 1.18 m wind tunnel with and without the presence 
of freestream turbulence.  He obtained lift and drag data using a strain gauge type 
sting balance.  He used vertical rods having a mesh size of 667 mm and diameter to 
mesh size ratio of 0.32 to generate the freestream turbulence.  He placed his airfoil 
model downstream from the vertical rods so that the airfoil model was experiencing 
turbulence intensities between 3 % and 12 %.  His results showed that the free-stream 
turbulence can remove the hysteresis loop by the removal of the LSB.  The results of 
his wind tunnel tests showed that the maximum lift coefficient of the NACA 0015 
airfoil increased by 30 % when the freestream turbulence intensity was increased from 
0.25 % to 9 %.  The lift curve slope of the NACA 0015 airfoil remained unaffected by 
the increase in the freestream turbulence.  The drag performance of the NACA 0015 
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airfoil did not change considerably by the increase in the freestream turbulence.  He 
conducted oil flow visualization where he showed that the LSB was eliminated and 
the flow separation was delayed with the increase in freestream turbulence intensity. 
 
In 1999, Li and Melbourne conducted wind tunnel tests of 25 mm and 50 mm thick 
flat plate models with rectangular cross-sections and blunt leading edges.  The 25 mm 
and flat plate models were each 1 m in length.  They conducted their wind tunnel tests 
using a 450 kW closed-circuit wind tunnel with a 2 m (width) × 2 m (height) test 
section and a 1 MW wind tunnel having a 12 m (width) × 6 m (height) test section.  
They used several mesh grids to generate the freestream turbulence in the test 
sections.   The blunt flat plate models were exposed to freestream turbulence having 
turbulence intensities, TI from 0.8 % to 25 %, with TI = 0.8 % being the smooth flow 
condition in the 450 kW wind tunnel test section.  The integral length scale 
normalized by the thickness of the blunt flat plate models, Lx/D was varied from 0.35 
to 30.  The resulting integral length scale range would be 8.75 mm to 0.75 m for the 
25 mm thick flat plate model.  For the 50 mm thick flat plate model, the integral 
length scale range would be 17.5 mm to 1.5 m.  They discovered that the mean 
pressure distributions were affected by the freestream turbulence intensity with the 
integral length scale having little effect at all for 0.4 ≤ Lx/D ≤ 3.6 (see Figure 1.18).  
The mean pressure distributions became affected by the integral length scale when 
increasing the integral length scale to Lx/D = 6 (see Figure 1.19).  The instantaneous 
and peak pressures were found to be dependent on the integral length scale and 
turbulence intensity (see Figures 1.20, 1.21 and 1.22).  The magnitude of the 
minimum peak pressures decreased when the integral length scale increased from 
Lx/D = 15 to 30 at the same turbulent intensity of TI = 20 %.  The effect of the 
integral length scale on the peak pressures became larger as the turbulence intensity 
increased.  The instantaneous and negative peak pressures were not affected as much 
by the integral length scale at low turbulence intensities as in higher turbulence 
intensities (see Figures 1.20, 1.21 and 1.22). 
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Figure 1.18.  Effect of turbulence on the mean pressure coefficient on the blunt flat 
plates (Li and Melbourne, 1999). 
 
 
Figure 1.19.  Effect of integral length scale at nearly fixed turbulence intensity on the 
mean pressure coefficient on the blunt flat plates (Li and Melbourne, 1999). 
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Figure 1.20.  Effect of turbulence on the instantaneous pressure coefficient on the 
blunt flat plates (Li and Melbourne, 1999). 
 
 
Figure 1.21.  Effect of integral length scale at mean TI = 18.2 % on the instantaneous 
pressure coefficient on the blunt flat plates (Li and Melbourne, 1999). 
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Figure 1.22.  Effect of integral length scale at various turbulence intensities on the 
peak pressure coefficient on the blunt flat plates (Li and Melbourne, 1999). 
 
Huang and Lee (1999) studied the effects of freestream turbulence intensity on a 
quasi-2D rectangular wing having a NACA 0012 airfoil section.  The airfoil had a 
chord of 60 mm and semi-span of 300 mm giving an aspect ratio of 5.  An end-plate 
arrangement was used to mount the wing model and allow for force balance 
measurements.  The wing model and balance setup was placed 4.2 times the chord 
length downstream of a fine-wire mesh screen.  By using surface-oil flow 
visualization method, they showed that increasing the turbulence intensity, TI∞ = 0.2 
% to TI∞ = 0.45 %, flow separation can be delayed.  Increasing the turbulence 
intensity from TI∞ = 0.45 % to TI∞ = 0.65 %, showed the flow separation to occur 
earlier.  They argued that the increase in the turbulence intensity induces the creation 
of the LSB (see Figure 1.23). 
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Figure 1.23.  Effect of turbulence intensity on (Huang and Lee, 1999). 
 
The effects of freestream turbulence intensity on the periodic behavior of the Kelvin-
Helmholtz instability wave and vortex shedding in the wake of a NACA 0012 
rectangular wing model was studied Huang and Lee in 2000.  Their NACA 0012 
rectangular wing model had a chord of 60 mm and wingspan of 300 mm that gave an 
aspect ratio of 5 (i.e. similar to their 1999 wind-tunnel tests).  Velocity, turbulence 
intensity and frequency data were collected in the wake of the wing model by the use 
of hot-wire anemometry.  Freestream turbulence was generated using fine-wire mesh 
screens with various sizes of mesh and wires were used.  Freestream turbulence 
intensities from 0.2 % to 0.65 % were generated using fine-wire mesh screens.  Their 
measurements indicated that the freestream turbulence had an effect on the Strouhal 
and Roshko numbers in the Kelvin-Helmholtz instability wave, laminar and sub-
critical vortex shedding modes.  At high angles of attack, the frequency selection was 
not affected by the freestream turbulence in the supercritical vortex shedding mode.  
The Roshko number provides an indication of the effect of viscosity on the Kelvin-
Helmholtz instability frequency and is defined by: 
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ν
2
d
fd
 Ro =                   (1.5) 
 
where f is the frequency of the instabilities, d is the chord length projected on the 
cross-stream plane and ν is the freestream kinematic viscosity.  The Roshko number 
defined in equation (1.5) is based on the chord length projected on the cross-stream 
plane.  The Strouhal number is the nondimensionalized frequency of the Kelvin-
Helmholtz instabilities and is given by: 
 
 
w
d u
fd
 Sr =                   (1.6) 
 
where wu is the mean freestream velocity.  The Roshko number decreased as the 
freestream turbulence intensity increased for the Kelvin-Helmholtz instability wave.  
Then the Roshko number settled to a constant value when the freestream turbulence 
intensity became larger than the critical value between 0.45 % and 0.5 %.  The 
Strouhal number of the vortex shedding of laminar and sub-critical modes increased 
significantly when the freestream turbulence intensity increased.  When the 
freestream turbulence intensity became larger the critical value between 0.45 % and 
0.5 %, the Strouhal number of the laminar and sub-critical modes increased (see 
Figure 1.24). 
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(I) 
 
(II) 
Figure 1.24.  Frequency tuning of the periodic wake.  (I)  at TI∞ = 0.20 %. 
(II)  at TI∞ = 0.50 % (Huang and Lee, 2000). 
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Gursul (2004) stated that a MAV operating in the ABL will be extremely receptive to 
gust loads.  This sensitive gust receptivity of the MAV plays a crucial importance in 
an urban environment, where building induced gusts may be present.  According to 
Gursul (2004), the root mean square values of the atmospheric turbulence near the 
ground were found to be in the order of 1 m/sec.  This results in up to 20 % variation 
in flight speed when an MAV is ideally flying at 5 m/sec when exposed to streamwise 
turbulence. 
 
Delnero, et al., (2005) exposed two low Re airfoils, a Selig 4083 and a Selig-Donovan 
7037 to turbulent flow having turbulent intensities of 3 % and 4 %.  They used a 
combination of an array of adjustable horizontal airfoil plates that were placed in the 
entrance of the test section, followed by an arrangement of blocks and large spires on 
the floor of the test section to generate the turbulent flow in their wind-tunnel tests.  
Their lift and lift vs. drag plots showed that the turbulence generated by their method 
improved the performances of both airfoils at high angles of attack and shifted the lift 
vs. drag plots to the right (see Figure 1.25). 
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Figure 1.25.  Effect of turbulence on the lift curve and drag polar plots at Re = 
202,000 (Delnero, et al., 2005). 
 
The MAV is still being currently being developed because of its wide range of 
applications.  Its small size, low flight speed range and operation in a potentially 
turbulent environment present challenging problems in low Reynolds number 
aerodynamics.  The review of the literature in the preceding sections have presented a 
description of the MAV, the aerodynamic flow at low Reynolds numbers, the 
problems encountered in low Re wind-tunnel testing, the turbulent environment the 
MAV would likely encounter in flight and previous research on the effects of 
freestream turbulent flow on low Reynolds number airfoils.  This research will focus 
on the effects of turbulent flow that is similar to that might be encountered by an 
MAV in flight on MAV airfoils.  The proposed experimental study is similar to that 
previously conducted on low Reynolds numbers airfoils except that the proposed 
experimental study will try to generate the largest turbulence intensities and integral 
length scales compared to those previously generated by researchers studying the 
effects of freestream turbulence and integral length scale on low Reynolds number 
airfoil aerodynamics.  Several MAV airfoils will then be subjected to the generated 
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large scale turbulence and a complete aerodynamic picture of the effect of the 
generated large scale turbulence on each of the tested airfoils will be obtained. 
 
1.7  Research Objectives and Questions 
 
It can be concluded that turbulence can have a significant effect on the performance 
(both time-averaged and time-varying) of airfoils at low Reynolds numbers, although 
there is no systematic single study on this subject.  This research will address the 
influences of having an artificially created turbulent flow such as the relative turbulent 
flow that would be encountered by an MAV in flight at low altitude.  The focus of this 
research will be on the aerodynamic behavior of airfoils and wings that are considered 
applicable to MAV design, and specifically, the effects of the simulated low-altitude 
turbulence on several airfoils.  The general objectives of this research are as follow: 
 
[A] The experimental simulation of the low altitude turbulence that would be likely 
to be encountered by an MAV in its mission.  The intensities of the low altitude 
turbulence should be closely matched so that the possible effects of the low altitude 
turbulence on the aerodynamic performance of MAV wing or airfoil could be studied 
in depth. 
 
[B] After successfully simulating the low altitude turbulence in a wind tunnel, 
several MAV airfoil and wing models will be exposed to the selected artificially 
created turbulence.  The properties of the artificially created turbulence such as the 
turbulence intensities and integral length scales will be varied.  The possible effects of 
the artificially created turbulent flow intensities and length scales on the MAV airfoil 
and wing models can then be studied. 
 
Several questions on the subject of low Reynolds number airfoil and wing 
aerodynamics and the effects of turbulence on airfoil and wings at low Reynolds 
number MAV flight will be addressed in this study.  These questions are: 
 
1. The effects of Reynolds number on low Reynolds number airfoils and wings 
suitable for MAV application is reasonably documented.  How will the 
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turbulence intensities and integral length scales affect the aerodynamic 
behavior of MAV airfoils and wings as the Reynolds number is varied? 
 
2. Will the variation of turbulence intensities and integral length scales 
independently influence the behavior of the laminar separation bubble (LSB) 
that is known to occur at low Reynolds numbers? 
 
3. Is the geometry of the airfoil a factor in its performance when the airfoil is 
under the influence of the turbulence intensities and integral length scales of 
the simulated ABL turbulence? 
 
This chapter provided an introduction to the concept of MAVs.  Then, a general 
review of the aerodynamic behavior of airfoils and wings at low Reynolds number 
was given.  This was followed by a general description of the low altitude turbulent 
environment found in the atmospheric boundary layer.  This was then followed by an 
explanation of how a MAV would experience flight in a turbulent wind environment.  
A brief background on the method of generating atmospheric turbulence in a wind 
tunnel facility was then given.  A brief review of some of the previous research on 
low Reynolds number airfoils that was relevant to the subject of this study was 
provided.  Finally, the research objectives and questions of this study were outlined at 
the end of this chapter. 
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Chapter 2  Experimental Methods and Procedures 
 
This chapter describes the wind-tunnel facilities that were used to test the airfoil and 
wing models in several turbulent flow conditions.  A description of the primary 
pressure - based instrumentation consisting of the Cobra probe and the Dynamic 
Pressure Measurement System (DPMS) is given.  The airfoil models, wing models 
and the use of mesh grids as a turbulence generation method are also described.  The 
processing of the pressure data from the wind-tunnel tests of the airfoil and wing 
models, the calibration of the test section for the airfoil and wing models’ wind-tunnel 
tests and the errors or uncertainties of all the variables involved in the wind-tunnel 
tests of the airfoil models are given in the appendices. 
 
2.1  Wind Tunnel Facilities 
 
Two wind-tunnels were used to conduct the necessary turbulence and aerodynamic 
tests; the RMIT University Industrial Wind Tunnel (IWT) and RMIT University 
Aerospace Wind Tunnel (AWT).  These wind-tunnel facilities are described in the 
following sections. 
 
2.1.1  RMIT University Industrial Wind Tunnel (IWT) 
 
The IWT is a subsonic closed return wind tunnel that has a 9 m (length) × 3 m (width) 
× 2 m (height) working test section.  The operating velocity range of the wind tunnel 
is from 0 m/sec to 45 m/sec.  The IWT is operated at velocity range from 5 m/sec to 
12.5 m/sec for all the wind-tunnel tests performed in this research.  Mesh grids were 
installed at several locations in the IWT during the preliminary evaluations.  A two-
dimensional insert was installed in the IWT for the Clark-Y wind-tunnel tests (see 
section 2.1.1.1). 
 
The turbulence intensity range, TI in the empty (no grid) test section at a velocity 
range of 5 m/sec to 15 m/sec was approximately 1.8 % to 1.6 %.  The measured 
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turbulence intensity range was measured with a Cobra probe (see section 2.2) 7.7 m 
from the inlet of the test section at the test-section’s centerline. 
 
 
 
Figure 2.1.  The RMIT University Industrial Wind Tunnel (CATIA rendering)2. 
 
2.1.1.1  2D Configuration 
 
A 2D insert box designed and built by Walter (2007) was used to conduct tests on the 
effects of turbulent flow on a Clark-Y airfoil.  The internal dimensions of the 2D 
insert box were 3.6 m (length) × 0.295 m (width) × 2 m (height).  The 2D insert box 
had its own contraction zone that accelerated the flow from the test section inlet by 10 
: 1.  Turbulent flow was introduced into the freestream flow inside the 2D insert box 
by fastening horizontal planar grids (see section 2.5) at the inlet of the 2D insert box.  
A schematic top-view sketch of the 2D insert box is shown in Figure 2.2 showing the 
location of the Clark-Y airfoil, Cobra probes, pitot-static tube, horizontal planar grid 
                                                 
2
  The drawing of the IWT was created from detailed drawings and descriptions provided by Hird 
(1979). 
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and the dimension of the 2D insert box itself.  Photographs of the 2D insert box with 
the Clark-Y airfoil are shown in Figure 2.3. 
 
Figure 2.2.  Schematic top sketch of the 2D insert box (not to scale). 
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(a) 
 
(b) 
 
Figure 2.3.  2D insert box setup as seen from the rear of IWT test section. 
(a)  Clean (no grid) 2D insert box. 
(b)  2D insert box with horizontal planar grid installed at the inlet of the 2D insert 
box. 
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2.1.1.2  3D Configuration 
 
The rectangular flat plate and circular arc cambered wing models were vertically 
mounted on a 1.2 m (length) × 3 m (width) ground plane to perform the wind-tunnel 
tests of these wing models in the 3D configuration as semispan wings.  The ground 
plane was used to mount the rectangular wing models 0.5 m above the IWT test-
section’s floor to remove the effects of the IWT test-section’s floor boundary layer on 
the rectangular wing models’ pressure tap measurements.  Each of the semispan wing 
model and the ground plane assembly were installed near the exit of the IWT’s test 
section so that the each of the semispan wing models was approximately 7.7 m 
downstream of the inlet of the IWT’s test section.  A drawing of the ground plane and 
wing model assembly is shown in Figure 2.4 and a photograph of the ground plane 
and wing model assembly installed in the IWT is shown in Figure 2.5. 
 
 
Figure 2.4.  CATIA drawing of ground plane assembly with the mounted flat plate 
airfoil. 
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Figure 2.5.  Photograph of the ground plane assembly 7.7 m downstream of the inlet 
of the test section with the mounted rectangular flat plate semispan wing model. 
 
The 3D configuration setup described previously was calibrated before the rectangular 
flat plate and circular arc cambered wing models were tested in the test section of the 
IWT.  The description of the calibration of the 3D configuration setup is given in 
Appendix B.2.  A similar calibration of the 2D insert box was performed prior to 
conducting the 2D wind-tunnel tests of the Clark-Y airfoil in the 2D insert box.  
Further details of the calibration of the 2D insert box in the IWT are described in 
Appendix B.1. 
 
2.1.2  The RMIT University Aerospace Wind Tunnel (AWT) 
 
The RMIT University Aerospace Wind Tunnel (AWT) (Figure 2.6) was used to 
conduct the two-dimensional tests of the flat plate and circular arc cambered airfoil 
models.  The AWT is a subsonic closed return wind tunnel.  The dimensions of its 
octagonal test section are 2.1 m (length) × 1.3 m (width) × 1.1 m (height).  The 4 : 1 
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contraction section of the AWT, prior to the test section, was equipped with a flow 
straightening honeycomb screen.  The operating velocity range of the test section of 
the AWT was from 1 m/sec to 45 m/sec.  The turbulence intensity of the empty test 
section of the AWT was measured to be 2.45 % at 5 m/sec and 1.31 % at 8.4 m/sec 
with a Cobra probe. 
 
 
Figure 2.6.  The RMIT University Aerospace Wind Tunnel (CATIA rendering)3. 
 
2.1.2.1  2D Configuration 
 
A specially constructed 2D insert box (Figure 2.7) was built to perform the two - 
dimensional tests of the flat plate and circular arc cambered airfoil models.  This 2D 
insert box was installed in the test section of the AWT.  The dimensions of the 2D 
insert box were 1600 mm (length) × 300 mm (width) × 800 mm (height).  An 18 mm 
sliding rectangular frame was attached in front of the two-dimensional insert box to 
install the bi-planar mesh grids.  The freestream flow to the two-dimensional insert 
                                                 
3
  The drawing of the AWT was created from detailed drawings and descriptions provided by 
Sanderson (1986). 
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box was accelerated further by a 13 : 1 contraction section in front of the sliding 
rectangular frame. 
 
Figure 2.7.  The 2D insert inside the test section of the RMIT University Aerospace 
Wind Tunnel (CATIA rendering). 
 
The 2D insert box was calibrated in terms of the freestream flow’s turbulence 
intensity and velocity distributions at a freestream velocity range of 5 m/sec to 12.5 
m/sec prior to testing the flat plate and circular arc airfoil models, (see Appendix A.3 
for details).  The 2D insert is shown in Figure 2.8 with a manually adjusted traversing 
gear.  The manually adjusted traversing gear permitted positioning the four 
horizontally mounted Cobra probes vertically in 50 mm increments.  More details of 
the calibration of the 2D insert box are provided in Appendix A.3. 
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Figure 2.8.  Photograph of the empty 2D insert box with calibration setup installed  
(viewed from the exit of the wind tunnel test section). 
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2.2  The TFI Cobra Probe 
 
2.2.1  Description 
 
The TFI (Turbulent Flow Instrumentation) Cobra probe (Figure 2.9) was the velocity 
and turbulence instrumentation used in all the wind-tunnel tests.  It is a four-hole 
pressure probe which had a frequency range from 0 to 2 kHz.  The TFI Cobra Probe 
provided three-dimensional velocity and turbulence information within a 45° conical 
limit (Milbank, 2004).  The TFI Cobra Probe has been used previously for three-
dimensional velocity and turbulence measurements.  The TFI Cobra probe has been 
described previously in detail by other researchers such as Hooper and Watkins, 
(2001) and Watkins, et al., (2002).  A bibliography is available at the TFI website 
(www.turbulentflow.com.au). 
 
 
Figure 2.9.  TFI Cobra Probe (Milbank, 2004). 
 
2.2.2  Setup 
 
The TFI Cobra probes were calibrated for the wind-tunnel test freestream velocity 
range of 5 to 12.5 m/sec, in increments of 2.5 m/sec, to evaluate their accuracy and 
uncertainty.  The calibration procedure compared the time-averaged velocity 
information given by each TFI Cobra probe to a pitot-static tube attached to a MKS 
Type 120 Baratron reference pressure transducer.  A flow angle calibration was also 
performed for the Cobra probes to check their flow direction sensitivity.  Details of 
the Cobra probes’ calibration are provided in Appendix C.1. 
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The Cobra probes were used in evaluating the characteristics of the turbulent flow 
being generated by all the mesh grids that were used in all the wind-tunnel tests.  The 
flow quality of IWT and the AWT test sections with no mesh grid installed and for 
each grid was assessed before performing the airfoil and wing wind-tunnel tests.  
Further details of the setup of the TFI Cobra probes during the evaluation of the flow 
quality of the test sections of the IWT and AWT are provided in Appendices B.1 and 
B.2. 
2.3  The TFI Dynamic Pressure Measurement System (DPMS) 
 
2.3.1  Description 
 
The TFI DPMS (Figure 2.10) is a multi-channel pressure measurement system that 
gives simultaneous measurements of instantaneous pressure.  The DPMS has a 
frequency response range that was determined by the diameter and length of the 
plastic tubing used to connect the pressure taps of the airfoil models to the DPMS 
pressure ports.  According to TFI’s DPMS product catalog, the DPMS can have a 
frequency response of up to several kHz.  The DPMS can perform a correction 
procedure known as linearization during the actual pressure measurement process to 
account for the influence of the plastic tubing’s diameter and length with the use of 
TFI Device Control software.  The TFI Device Control software can also perform 
quasi-simultaneous sampling of the instantaneous pressure data from the DPMS by 
correcting the phase lag between the channels (Milbank, 2004). 
 
 
Figure 2.10.  Fifteen channel TFI Dynamic Pressure (DP) module (Milbank, 2004). 
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2.3.2  Setup 
 
The pressure data from the airfoil models’ pressure taps were measured by four 
Dynamic Pressure (DP) modules.  Two DP modules were used to accommodate the 
number of pressure taps on the Clark-Y airfoil model.  The details of the arrangement 
of the pressure tubing of the airfoil models are shown in Appendix A.1. 
 
The TFI DPMS and the DP modules were pre-calibrated and checked by TFI every 
six months.  Before the airfoil and rectangular wing model wind-tunnel tests, the TFI 
DPMS and DP modules underwent a calibration check for calibration drift and to 
provide an indication of the accuracy of the measured pressure data.  The pressure 
taps of the airfoil models were connected to the DP modules’ pressure ports with the 
use of plastic tubing having an internal diameter of 1 mm and maximum length of 240 
mm.  The static calibration of the DPMS and DP modules are described in detail in 
Appendix C.2. 
 
2.4  Airfoils 
 
The airfoils used were based on past research on low Reynolds number airfoils (e.g. 
Mueller, et al., 1983; Mueller, et al., 1986; Marchman, 1987).  Two airfoil designs 
from Mueller’s (1999) work were chosen; a thin flat plate airfoil and a cambered 
airfoil of the same thickness and leading and trailing edge geometry.  Mueller (1999) 
gathered aerodynamic performance data for several wing geometries using his thin 
flat plate airfoil designs in smooth flow using the force balance method.  Mueller’s 
(1999) airfoils were chosen to undergo further wind-tunnel tests with and without the 
presence of artificially generated turbulence in this study because of the reasons 
mentioned above. 
 
The flat plate airfoil and the circular arc airfoil were rendered in three-dimensional, 
stereo-lithographic formats (STL) in CATIA V5 CAD/CAM/CAE software package 
for manufacturing by rapid prototyping.  Rapid prototyping produces physical parts 
by additive manufacturing technology where the computer designed part are changed 
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into thin slices that are stacked together to build the actual part using a 3D printer.  
Additive manufacturing can produce any shape or geometric feature and is ideal for 
initial product prototype development (Wikipedia, 2011).  The flat plate and circular 
arc airfoil were manufactured by this manufacturing method using Objet Geometries’ 
Eden 330 16 micron Rapid Prototyping system (Objet, 2004).  The flat plate and 
circular arc airfoil models were produced by this method using a photopolymer 
material with an accuracy of ±0.1 mm.  Additional manual machining was performed 
to completely remove the excess photopolymer material in the pressure tap holes 
inside the flat plate and circular arc airfoil models.  The Clark-Y airfoil was 
manufactured with an accuracy of ±0.1 mm from aluminum using standard machining 
methods. 
 
2.4.1  Flat Plate Airfoil 
 
The flat plate airfoil was similar to Mueller’s flat plate airfoil but the chord was 
altered to represent a typical dimension of an MAV, i.e. 150 mm in length or 
wingspan.  A typical flight velocity range of the MAV was used (5 to 10 m/sec) to 
ensure dynamic similarity in terms of the Reynolds number (5 ×104 ≤ Rec ≤ 1 ×105). 
 
The flat plate airfoil (Figure 2.11) had a chord of 150 mm, a thickness-to-chord ratio 
of 1.9% with a 5:1 elliptical leading edge and symmetrical triangular trailing edge.  
This flat plate airfoil model was transformed into a flat plate rectangular wing model 
having a semispan aspect ratio, SAR = 2.0 and semispan, (b/2) = 295 mm.  The flat 
plate rectangular wing model had forty pressure taps aligned in the chordwise 
direction and were located at the midspan location.  Each pressure tap was spaced 6 
mm apart on the top and bottom surfaces with the exception of the leading-edge 
pressure tap.  Twenty pressure taps were located on the top and bottom surfaces.  The 
bottom first pressure tap was positioned at the leading edge.  The pressure tap 
coordinates of the flat plate airfoil model are shown in Table 2.1. 
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Figure 2.11.  The flat plate airfoil (all dimensions in mm). 
 
Top 
Coordinates 
Bottom 
Coordinates 
x (mm) y (mm) x (mm) y (mm) 
9 1.368 0 0 
15 1.425 12 -1.409 
21 1.425 18 -1.425 
27 1.425 24 -1.425 
33 1.425 30 -1.425 
39 1.425 36 -1.425 
45 1.425 42 -1.425 
51 1.425 48 -1.425 
57 1.425 54 -1.425 
63 1.425 60 -1.425 
69 1.425 66 -1.425 
75 1.425 72 -1.425 
81 1.425 78 -1.425 
87 1.425 84 -1.425 
93 1.425 90 -1.425 
99 1.425 96 -1.425 
105 1.425 102 -1.425 
111 1.425 108 -1.425 
117 1.425 114 -1.425 
123 1.425 120 -1.425 
 
Table 2.1.  Pressure taps coordinates of the flat plate airfoil model. 
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When the flat plate airfoil model was tested in the 3D configuration, it was mounted 
on a 12 mm thick rotating disk mount that had an access hole so that the pressure 
tubes could be connected to the DPMS modules.  A close-up photograph of the 
rectangular flat plate wing model installed on the 12 mm thick rotating disk mount 
and ground plane is shown in Figure 2.12.  Guide cables were installed to prevent 
flow-induced vibration from the flow turbulence of the mesh grids; these guide cables 
were well removed from the area in which the pressure taps were located.  The bottom 
side of the 12 mm thick rotating disk mount with the rectangular flat plate wing 
model’s pressure taps are connected to the DPMS is shown in Figure 2.13. 
 
 
Figure 2.12.  Close-up photograph of the flat plate airfoil in 3D setup. 
 
2.4.2  Circular Arc Airfoil 
 
The circular arc airfoil (Figure 2.13) was similar to the flat plate airfoil, but had a 
camber-to-chord ratio of 4 % and the maximum camber height was located 6 mm 
above the leading-edge point.  The same mounting arrangement of the flat plate airfoil 
Flat plate 
airfoil 
Guide cable 
Pressure taps 
Flow 
direction 
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was applied to the circular arc airfoil.  The pressure tap coordinates of the circular arc 
airfoil model are shown in Table 2.2. 
 
 
Figure 2.13.  The circular arc cambered flat plate airfoil (all dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mean camber radius = 471.75 
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Top 
Coordinates 
Bottom 
Coordinates 
x (mm) y (mm) x (mm) y (mm) 
8.90 1.35 0.00 0.92 
14.85 2.15 11.87 1.76 
20.80 2.88 17.82 2.52 
26.77 3.53 23.78 3.21 
32.74 4.10 29.75 3.83 
38.72 4.60 35.73 4.36 
44.70 5.03 41.71 4.82 
50.69 5.37 47.70 5.21 
56.69 5.64 53.69 5.52 
62.68 5.84 59.68 5.75 
68.68 5.96 65.68 5.91 
74.68 6.00 71.68 5.99 
80.68 5.97 77.68 5.99 
86.68 5.86 83.68 5.92 
92.68 5.67 89.68 5.77 
98.67 5.41 95.67 5.55 
104.66 5.07 101.67 5.25 
110.65 4.65 107.65 4.87 
116.63 4.16 113.64 4.42 
122.60 3.59 119.61 3.89 
Table 2.2.  Pressure tap coordinates of circular arc airfoil model. 
 
2.4.3  Clark-Y Airfoil 
 
The Clark-Y airfoil model (Figure 2.14) had a chord of 150 mm, a wingspan of 295 
mm and a thickness to chord ratio of 12 %.  The Clark-Y airfoil model was tested in 
the 2D insert box in the IWT as described in section 2.1.1.1.  The Clark-Y airfoil 
model had 15 vertically-aligned pressure taps on its upper surface and 9 pressure taps 
on its lower surface as shown in Table 2.3. 
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Figure 2.14.  The Clark-Y Airfoil (all dimensions in mm). 
 
Top   Bottom   
coordinates  coordinates   
x (mm) y (mm) x (mm) y (mm) 
0.0 0.00 5.0 -3.49 
5.0 5.26 10.0 -4.14 
11.0 8.08 15.0 -4.41 
16.0 9.73 30.0 -4.45 
21.0 11.02 51.0 -3.72 
26.5 12.07 75.0 -2.84 
35.5 13.13 93.0 -2.18 
44.5 13.59 116.0 -1.34 
54.5 13.74 136.0 -0.60 
69.5 13.26     
82.5 12.20     
96.5 10.50     
103.5 9.45     
121.0 6.39     
136.0 3.31     
Table 2.3  Pressure tap coordinates of the Clark-Y airfoil model. 
150 
18 
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Chapter 3  Turbulence Generation by Means of Grids 
 
This chapter provides the results of the wind-tunnel tests downstream of the mesh grids.  
The initial wind-tunnel tests of grids that were used in the RMIT University Wind Tunnel 
(IWT) are discussed and their results presented.  The intention here was to generate the 
largest integral length scales as possible, consistent with a variety of turbulence 
intensities and nominally flat velocity profiles.  The cross-sectional surveys and flow 
quality calibrations of the test sections of the wind tunnel facilities are also presented and 
discussed.  The cross-sectional surveys and flow quality calibrations of the test sections 
of the wind tunnel facilities were used to correct the measured freestream velocity during 
the wind-tunnel tests of the airfoil models. 
 
The errors in the results presented in this chapter are expressed in terms of the 
uncertainties in the calculated or measured variable.  The maximum uncertainties in the 
calculation of the freestream velocity and Reynolds number were ±0.05 m/sec and ±500 
respectively.  The values of the turbulence intensities had a maximum error of ±0.35% 
and the integral length scale values had a maximum uncertainty of ±0.09 m (grids A).  
Further details of the calculation of the described uncertainties are given in Appendix 
A.3. 
 
3.1  Turbulence Grids 
 
Exploratory wind-tunnel tests of various grid geometries (Grusovin, 2006, Cruz and 
Watkins, 2006) were carried out to generate suitable turbulence and with as large integral 
length scale as possible, with a nominally flat time-averaged velocity profile.  The grid 
geometries are shown in Figure 3.1.  The dimensions of the grid geometries are given in 
Table 3.1 in terms of the grid mesh length, M, grid width, d and grid porosity (open area 
of the grid), β.  Such grid geometries are commonly used in generating turbulence inside 
a wind-tunnel facility (e.g. Roach, (1987), Batchelor and Townsend, (1948)). 
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Figure 3.1.  Sketches of the grid geometries (Roach, 1987). 
 
Grid Grid mesh 
length, M 
(m) 
Grid width, 
d (m) 
Porosity, β Configuration 
A 1 0.4 0.60 Horizontal panels only. 
B 1 0.4 0.36 Vertical and horizontal panels 
for a biplane grid. 
C 0.33 0.1 0.70 Horizontal panels only. 
D 0.33 0.1 0.49 Vertical and horizontal panels 
for a biplane grid. 
E 1 0.3 0.49 Vertical and horizontal panels 
for a biplane grid. 
F 1 0.3 0.49 Vertical and horizontal panels 
for a biplane grid. 
Table 3.1.  Table of the geometries and configurations of the grids. 
 
Each of the grids was mounted in isolation as shown in Figure 3.2.  Grids A and B were 
mounted on the upstream side of the turning vanes upstream of the contraction section.  
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Grids C, D and E were mounted on the inlet of the test section.  Grid F was mounted at 
the inlet of the contraction section. 
 
 
Figure 3.2.  Location of the grids in the IWT (CATIA rendering). 
 
Grids that had the horizontal planar grid geometry were used for the 2D wind tunnel tests 
of the Clark-Y airfoil model (Figure 3.1).  These grids were mounted at the inlet of the 
IWT 2D insert box as shown in Figure 2.3(b).  The grids that were used for the 2D wind-
tunnel tests of the Clark-Y airfoil model had the geometries shown in Table 3.2. 
 
Grid Grid mesh length, M (m) Grid width, d (m) Porosity, β Configuration 
I 0.42 0.12 0.71 Horizontal panels only. 
II 0.12 0.062 0.48 Horizontal panels only 
III 0.19 0.062 0.67 Horizontal panels only. 
Table 3.2.  Table of the geometries and configurations of the grids that were used for the 
Clark-Y 2D wind-tunnel tests. 
Test section 
Diffuser section 
Turning vanes 
Location of grids C, 
D and E 
Location of grids A and B 
Contraction 
section 
Location of grid F 
Turning vanes removed with one 
set of tests with grid A 
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Bi-planar grids were used for the 2D wind-tunnel tests of the flat plate and circular arc 
airfoil models (Figure 3.1).  These bi-planar grids were mounted at the inlet of the AWT 
2D insert box as shown in Figure 3.3.  The bi-planar grids that were used for the 2D 
wind-tunnel tests of the flat plate and circular arc airfoil models had the geometries 
shown in Table 3.3. 
 
 
Figure 3.3.  Photograph of the AWT 2D insert box with grid I installed at the inlet. 
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Grid Grid mesh length, 
M (m) 
Grid width, d 
(m) 
Porosity, 
β 
Configuration 
1 0.10 0.02 0.64 Vertical and horizontal panels for a 
biplane grid. 
2 0.07 0.01 0.73 Vertical and horizontal panels for a 
biplane grid. 
Table 3.3.  Table of the geometries and configurations of the grids that were used for the 
flat plate and circular arc airfoil models 2D wind-tunnel tests. 
 
3.2  Initial Tests of Grids 
 
The results of the initial tests of the grids labeled A to F (see Section 3.1) are provided in 
this section.  The turbulence intensities and length scales were obtained for the entire test-
section of the IWT without a grid installed and with each grid installed as shown in 
Figure 3.2. 
 
Tests were also carried out to investigate alternative methods of generating turbulence 
inside the test section of the IWT.  Two alternative methods were investigated.  The first 
method involved a reversal of freestream airflow inside the IWT by re-configuring the 
IWT’s electrical control to the fan motor.  Thus, the IWT was running backwards.  The 
second alternative method involved the removal of the turning vanes downstream of the 
diffuser section (see Figure 2.16).  The rationale behind these methods was to see if large 
scale separations would augment the turbulence; particularly at lower frequencies, thus 
giving longer integral length scales.  The increase in the turbulence intensities being 
generated by these alternative methods were not sufficiently substantial to justify further 
wind-tunnel testing due to the resulting non-uniform velocity distributions being 
generated by these methods. 
 
In Figure 3.4, the values of the freestream turbulence intensities of the undisturbed test 
section of the IWT and those generated by each of the grids evaluated are shown.  For 
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three tests, it was decided to investigate the combined effect of two grids at different 
locations.  From the bar plot in Figure 3.4, it can be seen that the combined effect of two 
grids is almost the same as using a single grid.  With grid B only, the turbulence intensity 
produced was 5.12 %.  Combining grid B with grid C slightly decreased the turbulence 
intensity by 0.14 % to 4.97 %.  Using grid B with grid D had a similar minimal effect on 
the turbulence intensity, with the turbulence intensity decreasing by 0.06 % to 5.06 %.  
Modifying the freestream flow by removing the turning vanes at the diffuser section of 
the IWT with grid A had the similar minimal effect on the turbulence intensity.  With 
grid A, the turbulence intensity was 3.32 %.  Combining grid A with the turning vanes 
removed at the diffuser section, the turbulence intensity increased by 0.22 % to 3.54 %.  
Grid E on its own produced a turbulence intensity of 14.7 %.  Combining grid B with 
grid E only decreased the turbulence intensity produced by grid E alone by 0.58 %.  
Therefore, combining grids or modifying the wind tunnel facility’s geometry had 
minimal effect on the turbulence intensity.  It was thus convenient and practical to install 
a single grid at a specified location inside the wind tunnel to change the turbulence 
intensity in the freestream flow in the test section. 
 
Grid E was chosen to generate the freestream turbulent flow for the airfoil tests because 
of its high values of freestream turbulent intensity and integral length scale compared to 
the other tested grids.  Grid F was also chosen to generate the freestream turbulent flow 
for the airfoil tests because the value of its turbulence intensity was approximately half of 
the value of the turbulence intensity obtained with grid E.  The relative ease of installing 
and removing grid E and F was also a factor in their selection as the freestream turbulent 
flow generators for the airfoil tests. 
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Mean freestream turbulence intensity of grids A to F at U∞ref 
= 10.0 m/sec at 7.7 m downstream from the test section's 
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Figure 3.4.  Bar plot of the generated turbulence intensities of the grids that were tested. 
 
In Figure 3.5, the decay rates for grids A, B and E are plotted with downstream distance 
from each grid.  The decay rates are expressed in terms of the values of the freestream 
turbulence intensity, TI∞ for each grid and are plotted with respect to the distance of the 
Cobra probe from the grids, x normalized by the mesh length of the grid, M.  The 
turbulence intensity of grid E decayed more rapidly than the turbulence intensities of 
grids A or B because grid E is still in the process of transitional decay and was entering 
the final stage of decay at nearly x/M = 8 (Batchelor and Townsend, 1948).  Grids A and 
B have very small rates of decay in the turbulence intensity because they have reached 
the final stage of decay and nearly in the isotropic state.  The isotropic states of grids A 
and B was enhanced by the contraction section of the IWT in a similar fashion to an 
earlier experiment performed by Comte-Bellot and Corrsin (1966).  In Figure 3.5, the 
value of the normalized distance from the grids, x/M where the turbulence intensities are 
at its lowest values and reaching or at the isotropic state is very low (x/M = 8) while in 
Batchelor, Townsend (1948), Comte-Bellot and Corrsin (1966) grid experiments, the 
range of normalized distance from the grids varied from 20 to 400.  The large difference 
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in the range of the normalized distance from the grids between the grid tests performed in 
this work and Batchelor, Townsend (1948), Comte-Bellot and Corrsin (1966) grid 
experiments is due to the size or geometry of the grids that were used (scale effect). 
 
Freestream turbulence intensity vs. nondimensional distance 
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Figure 3.5.  The decay of the generated turbulence intensities with downstream distance. 
 
A plot of the decay rate of the chosen grids is shown in Figure 3.6.  The freestream 
turbulence intensities of grids E and F were compared with the empty test section (no 
grid) as they varied along the length of the test section.  For grids E and F, curve fits were 
used to show the decay rates as they varied along the length of the test section.  At nearly 
x/M = 8, the turbulence intensities of grids E and F have nearly settled to constant values 
indicating that the final stages of decay have been reached for grids E and F and at x/M = 
8, the turbulence provided by grids E or F would be nearly isotropic and homogeneous.  
Therefore, grid E and F would be suitable as the means to generate the turbulent flow for 
the airfoil tests. 
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Freestream turbulence intensity vs. normalized 
distance from grids at U∞ref = 10.0 m/sec
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Figure 3.6.  Plot of the decay rate of the turbulence intensities of the empty test-section 
(no grid), grids E and F. 
 
The variation of the turbulence intensities of grids A, B and E with the freestream 
velocity was found to be relatively small and is shown in Figure 3.7.  From a freestream 
velocity, U∞ = 4.9 m/sec to 9.8 m/sec, the turbulence intensity increased by 0.2 % from 
3.6 % to 3.8 % for grid A.  When grid B was installed, the turbulence intensity was 5.5 % 
at a freestream velocity of 4.8 m/sec which increased by 0.1 % to 5.6 % when the 
freestream velocity increased to 9.6 m/sec.  The turbulence intensity of grid E was 14.7 % 
at a freestream velocity of 5.1 m/sec which increased by 0.1 % to 14.8 % when the 
freestream velocity increased to 7.4 m/sec.  When the freestream velocity further 
increased to 9.6 m/sec, the turbulence intensity of grid E increased by 0.6 % to 15.4 %.  
The small variation in the turbulence intensities of grids E and F at the freestream 
velocity range at which the airfoil tests were to be conducted ensured that the airfoil 
models were exposed to nearly constant turbulent intensities and integral length scales. 
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Freestream turbulence intensity, TI∞ (%) vs. Freestream 
velocity, U∞ (m/sec) measured from 7.7 m downstream from 
the test-section's inlet
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Figure 3.7.  Plot of the variation of the turbulence intensities of grids A, B and E with 
freestream velocity. 
 
The turbulence intensities of the empty test section (no grid), grid E and F are shown in 
Figure 3.8 at the location of the ground plane and rectangular wing models were installed 
(see Chapter 2).  The turbulence intensity measurements were surveyed in a streamwise 
length of 1 m, inline and parallel to the pressure taps of the rectangular wing models.  At 
the location where the rectangular wing models were to be wind-tunnel tested, the 
freestream turbulence intensity of grids E and F slowly decayed.  The slow decay of the 
turbulence intensities of grid E and F at the location where the airfoil tests are to be 
conducted (x/M = 8) allows for the assumption that there is a constant freestream 
turbulence intensity at the approximate location of the airfoil tests are to be conducted 
when grids E or F are installed. 
 73 
Freestream turbulence intensity vs. Nondimensional 
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Figure 3.8.  Plot of the variation of the turbulence intensities of grids E, F and no grid at 
the approximate location of the 3D configuration of the airfoil tests. 
 
3.3  Turbulence and Calibration Tests 
 
This section describes the results of the survey of the measurement region that were used 
for the wind-tunnel testing of the airfoils.  The calibration results of the 2D insert boxes 
that were used in the airfoil models’ 2D configuration wind-tunnel tests are presented 
first in both smooth and turbulent flow.  This is then followed by the calibration of the 
measurement region that was used for wind-tunnel testing of rectangular wing models in 
the 3D configuration in both smooth and turbulent flow. 
 
3.3.1  2D Smooth Flow Condition 
 
This sub-section presents the results of the flow quality calibration of the 2D insert boxes 
in the IWT and AWT in smooth flow.  The two-dimensional flow quality calibration data 
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that were used to correct the freestream velocity of the wind-tunnel tests of the Clark-Y 
airfoil model in the IWT 2D insert box are described first.  This is then followed by the 
description of the two-dimensional flow quality calibration data that were obtained for 
correction of the freestream velocity of the wind-tunnel tests of the flat plate and circular 
arc airfoil models in smooth flow. 
 
3.3.1.1  RMIT University Industrial Wind Tunnel (IWT) 
 
Contour maps of the normalized freestream velocity and turbulence intensity distributions 
were created by traversing one Cobra probe in the spanwise and vertical directions at the 
location where the Clark-Y airfoil model was tested (see Chapter 2 and Appendix B.1).  
The normalized freestream velocity distribution, U∞/U∞ref at the Clark-Y airfoil model’s 
location in the IWT 2D insert box with no grid (clean) is shown in Figure 3.9.  At the 
position where the pressure taps of the Clark-Y airfoil model were located, at y/yTL = 0, 
z/zTL = 0, the normalized freestream velocity distribution was equal to 1.04.  The pressure 
taps of the Clark-Y airfoil model were thus exposed to a relatively uniform freestream 
during wind-tunnel testing in the 2D setup without any grids installed in the inlet of 2D 
insert box (see Chapter 2).  The decrease in the normalized velocity distribution (U∞/U∞ref 
≤ 1.0) near the side panels was due to the presence of the laminar boundary layer on each 
side panel.  The freestream velocity gradient on the port side panel (looking upstream) 
was greater than the starboard side panel’s velocity gradient because of the possible flow 
separation of the port side’s laminar boundary layer or its transition to a turbulent 
boundary layer. 
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Figure 3.9.  Contour plot of the normalized freestream velocity distribution with no grid 
installed for the IWT 2D insert box. 
 
The freestream turbulence intensity distribution at the Clark-Y airfoil model’s location in 
the IWT 2D insert box with no grid is shown in Figure 3.10.  The turbulence intensity 
was 0.4 % at the location of the pressure taps, but can be vary significantly, particularly 
close to the edges.  However, it must be realized that the turbulence intensity levels are 
relatively low compared with later tests and with turbulence intensity levels likely to be 
experienced in the ABL.  The high values of the turbulence intensity at the port side 
panel (looking upstream) compared to the starboard side panel suggests that the laminar 
boundary layer flow may have separated or transitioned to a turbulent boundary layer.  
Even though the cross-sectional contour maps of the normalized freestream velocity and 
turbulence showed that the freestream flow was skewed towards the starboard side panel, 
the location at which the Clark-Y airfoil is mounted is exposed to nearly uniform 
freestream velocity and turbulence intensity. 
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Figure 3.10.  Contour plot of the freestream turbulence intensity distribution with no grid 
installed for the IWT 2D insert box. 
 
3.3.1.2  RMIT University Aerospace Wind Tunnel (AWT) 
 
The 2D insert box used in the AWT was calibrated for flow quality at the location where 
the flat plate and circular arc airfoil models were tested.  The contour maps of the 
normalized freestream velocity and turbulence intensity were created by manually 
traversing four Cobra probes at the location where the flat plate and circular arc airfoil 
models were tested and can be seen in Figures 3.11 and 3.12. 
 
The normalized freestream velocity and turbulence intensity distributions at the location 
of the flat plate and circular arc airfoil model tests in the AWT 2D insert box shown in 
Figures 3.11 and 3.12 demonstrates that the flow quality at the location of the flat plate 
and circular arc airfoil model tests in the AWT 2D insert box was ideally acceptable for 
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pressure tap measurements during the flat plate and circular arc airfoil models’ wind-
tunnel tests in smooth flow (no grid).  The normalized freestream velocity distribution 
(Figure 3.11) varied slightly from 0.92 to 0.98 indicating that the pressure taps of the flat 
plate and circular arc airfoils were exposed to a relatively flat velocity profile.  The 
freestream turbulence intensity distribution (Figure 3.12) shows that a two-dimensional 
flow aligned in the vertical direction is flowing around the flat plate and circular airfoil 
models’ pressure tap locations with a freestream turbulence intensity of 0.6 %. 
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Figure 3.11.  Contour plot of the normalized freestream velocity distribution with no grid 
installed for the AWT 2D insert box. 
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Figure 3.12.  Contour plot of the freestream turbulence intensity distribution with no grid 
installed for the AWT 2D insert box. 
 
3.3.2  2D Turbulent Flow Conditions 
 
This section describes the flow quality calibration of the 2D insert boxes in the presence 
of the turbulent flow induced by the selected mesh grids.  The results of the 2D flow 
quality calibration of the IWT 2D insert box in turbulent flow that was used for the wind-
tunnel tests of the Clark-Y airfoil model are presented first.  This is then followed by the 
presentation of the 2D flow quality calibration results of the AWT 2D insert box that was 
used for the wind-tunnel tests of the flat plate and circular arc airfoil models in turbulent 
flow. 
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3.3.2.1  RMIT University Industrial Wind Tunnel (IWT) 
 
The normalized velocity distribution at the spanwise and vertical cross-sectional plane 
where the Clark-Y airfoil model was tested with grid I installed in the IWT insert box is 
shown in Figure 3.13.  The normalized velocity distribution, U∞/U∞ref varied slightly from 
1.05 to 1.08.  The normalized velocity distribution at the location of the Clark-Y airfoil 
model’s pressure taps had a value of 1.06 when its wind-tunnel tests under the influence 
of grid I were performed. 
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Figure 3.13.  Contour plot of the normalized freestream velocity distribution with grid I 
installed in the IWT 2D insert box. 
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The distribution of the freestream turbulence intensity at the location where the Clark-Y 
airfoil was mounted with grid I installed in the IWT insert box is shown in Figure 3.14.  
The values of the turbulence intensities varied from 12.4 % to 14.4 %.  The velocity and 
turbulence data were acquired at x/M = 2.9 for grid I.  The close proximity of the velocity 
and turbulence measurements to grid I prevented the turbulent freestream flow from 
achieving homogeneity.  This location was chosen as the measurement point for the 
Clark-Y airfoil two-dimensional wind-tunnel tests as a compromise between correcting 
for a slightly higher freestream flow velocity at the location of the Clark-Y airfoil or 
enduring the possibility of freestream static pressure loss by ensuring nearly 
homogeneous turbulent flow by locating the Clark-Y airfoil further downstream from the 
grid.  The ideal solution for the problem of the skewed freestream flow was to lengthen 
the IWT 2D insert box to about three times its current length, but this solution was 
rejected due to its impracticality in time and geometric constraints of the IWT. 
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Figure 3.14.  Contour plot of the freestream turbulence intensity distribution with grid I 
installed in the IWT 2D insert box. 
 
The freestream velocity and turbulence intensity were monitored using a single Cobra 
probe and pitot-static tube (see Chapter 2 or Appendix B.1) during the actual wind-tunnel 
tests of the Clark-Y airfoil model.  The measured freestream velocity and turbulence 
intensity are shown in Figures 3.15, 3.16, 3.17 and 3.18 for grids II and III during the 
instance the pressure data from the pressure taps of the Clark-Y airfoil were recorded by 
the DPMS.  The recorded freestream velocity data provided by Figures 3.15 and 3.17 
were used to correct the freestream velocity during the actual wind-tunnel tests of the 
Clark-Y airfoil model.  The turbulent flow conditions that were created in the IWT 2D 
insert box are summarized in Table 3.4. 
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Figure 3.15.  Profile of the freestream velocity during the actual wind-tunnel tests of the 
Clark-Y airfoil with grid II. 
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Figure 3.16.  Profile of the freestream turbulence intensity during the actual wind-tunnel 
tests of the Clark-Y airfoil with grid II. 
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Figure 3.17.  Spanwise profile of the freestream velocity at the Clark-Y airfoil model’s 
location with grid III. 
Turbulence intensity, TI∞ (%) vs. normalized spanwise 
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Figure 3.18.  Spanwise profile of the freestream turbulence intensity at the Clark-Y airfoil 
model’s location with grid III. 
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Table 3.4.  Summary of turbulence intensity and integral length scales created in the IWT 
2D insert box. 
 
3.3.2.2  RMIT University Aerospace Wind Tunnel (AWT) 
 
The freestream velocity distribution in a cross-stream plane at the location of the flat 
plate and circular arc airfoil models is shown in Figure 3.19 for grid 1 at U∞ = 10.0 m/sec 
where the normalized freestream velocity, U∞/U∞ref  varied from 0.68 to 0.82.  The flat 
plate and circular arc airfoil models’ pressure taps would be exposed to a normalized 
freestream velocity of 0.80, turbulence intensity of 5.9 % and streamwise integral length 
scale of 0.15 m for grid 1 at U∞ = 10 m/sec. 
 
The cross-sectional distribution of the freestream turbulence intensity for grid 1 at U∞ = 
10 m/sec is shown in Figure 3.20 where the freestream turbulence intensity values, TI∞ 
varied from 5.4 % to 8.6 %.  Contour maps of the cross-sectional profile of the freestream 
velocity and turbulence intensity for grid 1 were created for U∞ = 5 m/sec, 7.5 m/sec and 
12.5 m/sec for grid 1 which showed a similar behavior in the cross-sectional distributions 
of the freestream velocity and turbulence intensity. 
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The cross-sectional distributions of the normalized freestream velocity and turbulence 
intensity for grid 1 at U∞ = 10 m/sec shown in Figures 3.19 and 3.20 indicate that a two-
dimensional freestream flow exists at x/M = 11.8 where the flat plate and circular arc 
airfoil models will undergo their wind-tunnel tests under the influence of the turbulent 
freestream generated by grid 1. 
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Figure 3.19.  Plane survey of the freestream velocity at the flat plate and circular arc 
cambered models’ location with grid 1 at U∞ = 10 m/sec. 
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Figure 3.20.  Plane survey of the freestream turbulence intensity at the flat plate and 
circular arc airfoil models’ location with grid 1 at U∞ = 10 m/sec. 
 
The contour maps of the normalized freestream velocity and freestream turbulence 
intensity at x/M = 16.9, where the flat plate and circular arc airfoil models’ wind-tunnel 
tests are located are shown in Figures 3.21 and 3.22 for grid 2 at U∞ = 5 m/sec while the 
freestream turbulence intensity varied from 3.6 % to 7.2%.  A nominally flat velocity 
profile was assured with a nearly uniform freestream turbulence intensity value at the 
center region of the contour maps of the normalized freestream velocity and freestream 
turbulence intensity.  Thus, the pressure taps of the flat plate and circular arc airfoil 
models were exposed to a flat velocity profile with a nearly constant freestream 
turbulence intensity at their measurement location, x/M = 16.9.  Similar trends of the 
freestream velocity and turbulence intensity were seen in the cross-stream contour maps 
of the freestream velocity and turbulence intensity conducted at U∞ = 12.5 m/sec for grid 
2.  The turbulent flow conditions that were created in the AWT 2D insert box are 
summarized in Table 3.5. 
 87 
-1.0 -0.5 0.0 0.5 1.0
Normalized spanwise distance, y/yTL
-1.0
-0.5
0.0
0.5
1.0
No
rm
al
ize
d 
ve
rti
ca
l d
ist
an
ce
,
 
z/
z T
L
0.88
0.92
0.96
1.00
1.04
1.08
Contours of normalized freestream velocity, U
∞
/U
∞ref
Reference freestream velocity, U
∞ref  = 5.0 m/sec
Turbulence intensity at airfoil model location, TI
∞ml = 4.3 %
Streamwise integral length scale at airfoil model location, L
xml = 0.11 m
U
∞
/U
∞ref
 
Figure 3.21.  Plane survey of the freestream velocity at the flat plate and circular arc 
airfoil models’ location with grid 2 at U∞ = 5 m/sec. 
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Figure 3.22.  Plane survey of the freestream turbulence intensity at the flat plate and 
circular arc cambered airfoil models’ location with grid 2 at U∞ = 5 m/sec. 
 
 
Table 3.5.  Summary of turbulence intensity and integral length scales created in the 
AWT 2D insert box. 
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3.3.3  3D Smooth Flow Condition 
 
This sub-section presents the cross-sectional flow quality calibration of the IWT test 
section in the 3D configuration.  The freestream velocity distribution at the cross-stream 
plane was used to correct the freestream velocity that was acquired during the actual 
wind-tunnel tests of the rectangular flat plate and circular arc wing models.  Both cross-
sectional surveys of the freestream velocity and turbulence intensity were used to ensure 
the uniformity of the measurement region in the vicinity of the pressure taps of the 
rectangular flat plate and circular arc wing models. 
 
The contour plots of the normalized freestream velocity and freestream turbulence 
intensity in a cross-stream plane at the location of the wind-tunnel tests of flat plate and 
circular arc wing models with no grid installed at U∞ = 11.9 m/sec is shown in Figures 
3.23 and 3.24.  The normalized freestream velocity, U∞/U∞ref throughout the cross-stream 
plane survey varied from 0.97 to 1.01 while the freestream turbulence intensity varied 
from 1.2 % to 2 %.  The relatively smooth freestream flow at the centerline position of 
the pressure taps of the flat plate and circular arc airfoil models would have a nominal flat 
freestream velocity and turbulence intensity values as shown in Figures 3.23 and 3.24. 
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Figure 3.23.  Contour plot of the normalized velocity distribution with no grid installed.  
The contour plot was taken at the approximate location of the 3D configuration of the 
airfoil tests (at 7.7 m downstream from the test section’s inlet). 
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Figure 3.24.  Contour plot of the freestream turbulence intensity distribution with no grid 
installed.  The contour plot was taken at the approximate location of the 3D configuration 
of the airfoil tests (at 7.7 m downstream from the test section’s inlet). 
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3.3.4  3D Turbulent Flow Condition 
 
This sub-section presents the cross-sectional flow quality calibration of the IWT test 
section in the 3D configuration with the presence of the grid generated turbulence.  The 
freestream velocity during the actual wind-tunnel tests of the rectangular flat plate and 
circular arc wing models in the presence of the grid generated turbulence were corrected 
using the information provided by the turbulence measurements via the use of the Cobra 
probes. 
 
Two grids were selected to generate the freestream turbulent flow for the wind tunnel 
tests of the rectangular flat plate and circular arc wing models in the IWT (3D 
configuration).  These grids are grids E and F that have freestream turbulence intensities 
of 14.7 % and 5.9 % (see Table 3.1) respectively.  These grids were chosen as they 
closely represent the actual turbulence intensities and integral length scales the MAV 
would experience in flight and from previous low-altitude real-life turbulence 
measurements that concerns MAV flight (see Chapter 1). 
 
The cross-stream contour plot of the normalized freestream velocity, U∞/U∞ref  and 
freestream turbulence intensity, TI∞ at the location of the wind-tunnel tests of flat plate 
and circular arc wing models with grid E installed at U∞ = 9.8 m/sec is shown in Figures 
3.25 and 3.26.  The normalized freestream velocity varied from 0.84 to 1.06, while the 
freestream turbulence intensity varied from 9.8 % to 11.8 %.  At the location of the 
pressure taps of the flat plate and circular arc airfoil models, the turbulent freestream flow 
would have a nearly constant freestream velocity and turbulent intensity profile. 
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Figure 3.25.  Contour plot of the normalized velocity distribution with grid E installed.  
The contour plot was taken at the approximate location of the 3D configuration of the 
airfoil tests (at 7.7 m downstream from the test section’s inlet). 
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Figure 3.26.  Contour plot of the freestream turbulence intensity distribution with grid E 
installed.  The contour plot was taken at the approximate location of the 3D configuration 
of the airfoil tests (at 7.7 m downstream from the test section’s inlet). 
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The cross-stream contour plot of the normalized freestream velocity, U∞/U∞ref  and 
freestream turbulence intensity, TI∞ at the location of the wind-tunnel tests of flat plate 
and circular arc wing models with grid F installed at the entry of the contraction section 
at U∞ = 11.6 m/sec is shown in Figures 3.27 and 3.28.  The normalized freestream 
velocity had a range from 0.92 to 1.04, while the freestream turbulence intensity changed 
from 5.4 % to 7 %.  The flat plate and circular arc airfoil models’ pressure taps would be 
situated in a region where the turbulent freestream flow possess a nearly flat velocity and 
turbulent intensity profile.  A summary of the turbulent conditions that were used for the 
wind-tunnel tests of the flat plate and circular arc wing models in the 3D configuration 
are tabulated in Table 3.6. 
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Figure 3.27.  Contour plot of the normalized velocity distribution with grid F installed.  
The contour plot was taken at the approximate location of the 3D configuration of the 
airfoil tests (at 7.7 m downstream from the test section’s inlet). 
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Figure 3.28.  Contour plot of the freestream turbulence intensity distribution with grid F 
installed.  The contour plot was taken at the approximate location of the 3D configuration 
of the airfoil tests (at 7.7 m downstream from the test section’s inlet). 
 
 
Table 3.6.  Summary of turbulence intensities and integral length scales created in the 
empty IWT test section. 
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Chapter 4  The Effects of Turbulence on the Airfoils 
 
The results of the wind-tunnel tests of the airfoil and wing models in the 2D and 3D 
configurations with and without the influence of the grids are presented in this 
chapter.  The wind-tunnel tests of the flat plate, circular arc and Clark-Y airfoils 
conducted in the IWT and AWT in the 2D configuration are presented first.  This is 
followed by the presentation of the wind tunnel-test results of the flat plate and 
circular arc rectangular wings (3D configuration) that were conducted in the IWT.  
The effects of the grid-generated turbulence are shown first on the pressure 
distributions and then on the aerodynamic forces of the airfoils and rectangular wings. 
 
The effect of the grid turbulence on the smooth flow’s (no grid) pressure distributions 
at low, medium, stall and post-stall angles of attack are presented for each airfoil and 
wing model at nominally U∞ = 5 m/sec and U∞ = 10 m/sec.  The aerodynamic 
performance of the flat plate and circular arc airfoil and wing models are presented at 
U∞ = 5 m/sec and U∞ = 10 m/sec for - 4° ≤ α ≤ 20°.  The variation of the aerodynamic 
performance of the flat plate and circular arc airfoil and wing models with Reynolds 
number at medium and stall angles of attack are shown and discussed last. 
 
The measurement errors are summarized in this paragraph and described in detail in 
Appendix A.3.  The pressure distributions have a maximum uncertainty of ±0.08.  
The lift coefficient has a maximum uncertainty of ±0.04; the drag coefficient’s 
maximum uncertainty has a value of ±0.004; and the lift-to-drag ratio has a maximum 
uncertainty of ±0.07.  Details of the error and uncertainty analysis are given in 
Appendix A.3. 
 
4.1  2D Airfoil Tests 
 
This section presents the 2D results (2D configuration) of the flat plate, circular arc 
and Clark-Y airfoils.  Note that the wind-tunnel tests of the flat plate and circular arc 
airfoils were performed at the AWT and the wind tunnel tests of the Clark-Y airfoil 
were performed at the IWT. 
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4.1.1  Flat Plate Airfoil
4
 
 
The pressure distributions and the time-averaged aerodynamic performance of the flat 
plate airfoil (2D configuration) are shown and discussed in this sub-section.  The 
pressure distributions of the flat plate airfoil in three turbulent flow conditions are 
presented and discussed first.  The effect of the change in the freestream turbulent 
flow intensities and longitudinal integral length scales on the aerodynamic 
performance of the flat plate airfoil are shown and discussed. 
 
4.1.1.1  Pressure Distributions 
 
The pressure distributions of the flat plate airfoil (2D setup) are shown in Figures 4.2 
to 4.5 for U∞ = 5 m/sec at low (α = 2°), medium (α = 6°), stall (α = 10°) and post-stall 
(α = 16°), angles of attack.  A summary of the turbulence intensities and integral 
length scales of the 2D wind-tunnel tests of the flat plate airfoil at U∞ = 5 m/sec with 
no grid (clean), grid 1 and grid 2 turbulent flow conditions are shown in Table 4.1. 
 
 
Table 4.1.  A summary of the turbulence intensities and integral length scales of the 
AWT 2D insert box with no grid (smooth flow), grid 1 and grid 2 at U∞ = 5.0 m/sec. 
 
The effect of increasing the freestream turbulence intensity and streamwise integral 
length scale from the relatively smooth flow (no grid) became more pronounced with 
increasing angle of attack at U∞ = 5 m/sec (Figures 4.2 to 4.5).  The highest values of 
                                                 
4
 This section was presented as AIAA Paper 2008 – 6247 at the 26th AIAA Applied Aerodynamic 
Conference at Honolulu, Hawaii (Cruz, et al., 2008). 
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the freestream turbulence intensity and longitudinal integral length scale (grid 1) 
enhanced the relatively smooth (no grid) pressure distribution the most compared to 
the lower values of the freestream turbulence intensity and longitudinal integral length 
scale (grid 2).  An increase in the lift and drag forces would result from the behavior 
of the pressure distributions with increasing freestream turbulence intensity and 
longitudinal integral length scale as shown in Figures 4.2 to 4.5 at U∞ = 5 m/sec. 
 
A short laminar separation bubble on the upper surface of the flat plate airfoil was 
observed in the smooth flow’ (no grid) condition at α = 6° which was removed by the 
increase in the freestream turbulence intensity and longitudinal integral length scale.  
At higher angles of attack (α = 10° and 16°) and in smooth flow (no grid), a long 
laminar separation bubble was present on the upper surface of the flat plate airfoil.  
The increase in the freestream turbulence intensity and longitudinal integral length 
scale also eliminated the long separation bubble.  The same effect of the removal of 
laminar separation bubbles by artificial disturbances was observed by Marchman III, 
et al. (1986) where the smooth flow pressure distributions of a Wortmann FX-63-137-
ESM airfoil containing a laminar separation bubble on the upper surface was reduced 
in chord length by the increase in turbulence intensity or acoustic level (at a given 
frequency).  In their wind-tunnel tests, Marchman III, et al. (1986) increased the 
turbulence intensity from 0.02 % to 0.2 %, in contrast to the present study where the 
turbulence intensity was increased from 1.6 % to 5.9 %.  Thus, the pressure 
distributions of the flat plate airfoil in the 2D configuration could have been possibly 
altered favorably with lower values of the freestream turbulence intensity and/or 
longitudinal integral length scale resulting in the same trends in the pressure 
distributions under the effect of turbulent freestream flow.  The effect of freestream 
turbulence intensity and acoustic disturbance on a Wortmann FX-63-137-ESM airfoil 
is shown in Figure 4.1. 
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Figure 4.1  The effect of freestream turbulence intensity and acoustic disturbance on a 
Wortmann FX-63-137-ESM airfoil (Marchman III, et al., 1986). 
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Figure 4.2.  Pressure distribution of the flat plate airfoil model at α = 2°, U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.3.  Pressure distribution of the flat plate airfoil model at α = 6°, U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.4.  Pressure distribution of the flat plate airfoil model at α = 10° (smooth 
flow’s stall), U∞ = 5 m/sec and Rec = 52,000 in the no grid, grid 1 and grid 2 
conditions. 
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Figure 4.5.  Pressure distribution of the flat plate airfoil model at α = 16°, U∞ = 5 
m/sec and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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The pressure distributions at low (α =2°), medium (α =6°), stall (α =10°) and post-
stall (α =16°) angles of attack are shown for U∞ = 10.0 m/sec in Figures 4.6 to 4.9.  A 
list of the turbulence intensities and integral length scales for the clean (no grid), grid 
1 and grid 2 conditions at U∞ = 10 m/sec are provided in Table 4.2. 
 
 
Table 4.2.  A summary of the turbulence intensities and integral length scales of the 
AWT 2D insert box with no grid (clean), grid 1 and grid 2 at U∞ = 10.0 m/sec. 
 
The effects of the increase in the freestream turbulence intensity and longitudinal 
integral length scale on the pressure distributions at U∞ = 10 m/sec is similar to the 
effects of the increase in the freestream turbulence intensity and longitudinal integral 
length scale on the pressure distributions at U∞ = 5 m/sec (Figures 4.6 to 4.9).  The 
improvement in the flat plate airfoil’s pressure distributions in smooth flow by the 
increase in the freestream turbulence intensity and longitudinal integral length scale 
would result in an increase in the lift and drag forces as shown in Figures 4.6 to 4.9 at 
U∞ = 10 m/sec.  As with the case at U∞ = 5 m/sec, the laminar separation bubble on 
the upper surface of the flat plate airfoil in smooth flow at α = 6°, 10° and 16° was 
eliminated or reduced in chord length. 
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Figure 4.6.  Pressure distribution of the flat plate airfoil model at α = 2°, U∞ = 10 
m/sec and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.7.  Pressure distribution of the flat plate airfoil model at α = 6°, U∞ = 10 
m/sec sec and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.8.  Pressure distribution of the flat plate airfoil model at α = 10° (smooth 
flow’s stall), U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid 1 and grid 2 
conditions. 
 
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
0 0.2 0.4 0.6 0.8 1
Normalized chordwise location, x/c
Pr
es
s
u
re
 
Co
e
ffi
ci
e
n
t, 
C p
No Grid
Grid 1
Grid 2
i : TI
∞
 = 0.6 %, Lx = __ m
i : TI
∞
 = 5.9 %, Lx = 0.15 m
i : TI
∞
 = 4.2 %, Lx = 0.06 m
 
Figure 4.9.  Pressure distribution of the flat plate airfoil model at α = 16°, U∞ = 10 
m/sec and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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4.1.1.2  Aerodynamic Performance 
 
The flat plate airfoil’s lift coefficient, Cl; drag coefficient, Cd and lift-to-drag ratio, 
Cl/Cd plots against the angle of attack, α are shown in Figures 4.10 to 4.12 for U∞ = 5 
m/sec and in Figures 4.13 to 4.15 for U∞ = 10 m/sec in the smooth flow (no grid), grid 
1 and grid 2 conditions.  The stall angle of attack, αmax (Figure 4.10 and 4.13) was 
delayed and the maximum lift coefficient, Cl(max) was increased by the increase in the 
freestream turbulence intensity and longitudinal length scale.  However, when the 
freestream turbulence intensity and longitudinal integral length scale were increased 
to TI∞ = 4.3 % and Lx = 0.11 m (grid 2), the maximum lift coefficient became lower 
than the smooth condition’s maximum lift coefficient. 
 
The improvement in the lift performance of the flat plate airfoil in the two-
dimensional configuration with the highest increase in the freestream turbulence 
intensity and longitudinal integral length scale (grid 1) was compromised by the 
increase in the drag coefficient at the stall angle of attack, Cd(αmax) (Figure 4.11 and 
4.14).  Although the lift performance of the flat plate airfoil in the two-dimensional 
configuration in the moderate freestream turbulence (grid 2) was lower than in the 
smooth condition (no grid), the drag performance was better than the drag 
performance of the flat plate airfoil in the smooth condition. 
 
The lift-to-drag ratio, Cl/Cd was only affected at low angles of attack (α ≤ 4°) with the 
maximum lift-to-drag ratio, (Cl/Cd)max showing the largest difference in value with the 
increase in the freestream turbulence intensity and longitudinal integral length scale 
from the smooth condition’s values (Figure 4.12 and 4.15).  The large variations in 
the values of the lift-to-drag ratio at low angles of attack is due to the low values of 
the lift and drag coefficients at low angles of attack.  Because the drag calculation 
using the pressure method does not account for the skin friction drag (see Appendix 
A.1 for details and Barlow, et al. 1999) and combined with the low drag coefficient 
values at low angles of attack, the calculated lift-to-drag ratio is over-predicted. 
 
The maximum lift-to-drag ratio was increased when the freestream turbulence 
intensity and longitudinal integral length scale were increased to their highest values 
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(grid 1).  However, the maximum lift-to-drag ratio decreased slightly when the 
freestream turbulence intensity and longitudinal integral length scale were increased 
to the grid 2 condition’s values. 
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Figure 4.10.  Flat plate airfoil lift performance at U∞ = 5 m/sec and Rec = 52,000 in 
the no grid, grid 1 and grid 2 conditions. 
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Drag coefficient, Cd vs. Angle of attack, α (°)
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Figure 4.11.  Flat plate airfoil drag performance at U∞ = 5 m/sec and Rec = 52,000 in 
the no grid, grid 1 and grid 2 conditions. 
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Figure 4.12.  Flat plate airfoil lift-to-drag ratio performance at U∞ = 5 m/sec and Rec = 
52,000 in the no grid, grid 1 and grid 2 conditions. 
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Lift coefficient, Cl vs. Angle of attack, α (°)
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Figure 4.13.  Flat plate airfoil lift performance at U∞ = 10 m/sec and Rec = 104,000 in 
the no grid, grid 1 and grid 2 conditions. 
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Figure 4.14.  Flat plate airfoil drag performance at U∞ = 10 m/sec and Rec = 104,000 
in the no grid, grid 1 and grid 2 conditions. 
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Lift-to-drag ratio, Cl/Cd vs. Angle of attack, α (°)
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Figure 4.15.  Flat plate airfoil lift-to-drag ratio performance at U∞ = 10 m/sec and Rec 
= 104,000 in the no grid, grid 1 and grid 2 conditions. 
 
The results of the two-dimensional wind-tunnel tests of the flat plate airfoil which was 
based on the pressure measurement method is compared to the wind-tunnel results of 
the flat plate airfoil to Mueller’s flat plate airfoil which was measured by the force-
balance method (Mueller, 1999).  Mueller (1999) demonstrated the effect of 
freestream turbulence on the lift coefficient of the same flat-plate airfoil having a 
semi-span aspect ratio of 1.5 (see Figure 4.16).  The effect of the freestream 
turbulence having a lower freestream turbulence intensity and longitudinal length 
scale (estimated from the wire diameter) compared to the present study on Mueller’s 
flat plate airfoil was closely similar to the effect of the freestream turbulence on the 
flat plate airfoil at U∞ = 5 m/sec and 10 m/sec.  In Mueller’s force balance results, the 
lift coefficient was slightly increased by the increase in the freestream turbulence 
intensity and longitudinal integral length scale at high angles of attack, but with a 
slight increase in the drag coefficient.  The effect of the increase of the freestream 
turbulence intensity and longitudinal integral length scale on the aerodynamic 
performance of the flat plate airfoil is limited to high values of the freestream 
turbulence intensity and longitudinal integral length scale as demonstrated by the 
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current two-dimensional results (Figures 4.10, 4.11, 4.13 and 4.14) and Mueller’s 
results (Figure 4.16). 
 
 
 
 
Add TI∞ = 0.05 % with strawbox 
 
Figure 4.16.  The effect of freestream turbulence on the lift and drag coefficients of a 
flat plate airfoil having a semi-span aspect ratio of 1.5 at Rec = 60,000 (Mueller, 
1999). 
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The Cl, Cd and Cl/Cd ratio performance of the flat plate airfoil as a function of the 
airfoil’s chord Reynolds number, Rec are shown for α = 6° in Figures 4.18 to 4.20 and 
α = 10° in Figures 4.21 to 4.23.  The effect of the increase in the freestream 
turbulence intensity and longitudinal length scale on the two-dimensional 
aerodynamic performance of the flat plate airfoil was consistent at the Reynolds 
number range of 5 × 104 to 1.2 × 105.  Similar results were obtained by Mueller 
(1999) on a flat-plate wing having an aspect ratio of one in smooth flow (Figure 4.17).  
Therefore, the Reynolds number does not play a significant role in the variation of the 
two-dimensional aerodynamic performance of the flat plate airfoil when subjected to 
changing levels of freestream turbulence intensity and longitudinal integral length 
scale. 
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Figure 4.17.  Variation in the lift and drag coefficients of a flat plate wing (AR = 1, 
TI∞ = 0.05 %) (Mueller, 1999) 
 
Lift coefficient vs. Reynolds number
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0 50000 100000 150000
Reynolds number, Rec
Li
ft 
co
ef
fic
ie
n
t, 
C l
No Grid Cl
Grid 1 Cl
Grid 2 Cl
 ri : TI
∞
 = 1.6 %, 0.8 %,
                         0.6 %, 0.5 %
                Lx = __ m, __ m,
                        __ m, __ m
: TI
∞
 = 5.9 %, 5.9 %,
                      5.9 %, 5.8 %
             Lx = 0.20 m, 0.14 m,
                     0.15 m, 0.05 m
: TI
∞
 = 4.3 %, 4.2 %,
                      4.2 %, 4.1 %
             Lx = 0.11 m, 0.09 m,
                     0.06 m, 0.03 m
 
Figure 4.18.  Variation of the flat plate airfoil lift performance with Reynolds number 
at α = 6° in the no grid, grid 1 and grid 2 conditions. 
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Drag coefficient vs. Reynolds number
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Figure 4.19.  Variation of the flat plate airfoil drag performance with Reynolds 
number at α = 6° in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.20.  Variation of the flat plate airfoil lift-to-drag ratio performance with 
Reynolds number at α = 6° in the no grid, grid 1 and grid 2 conditions. 
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Lift coefficient vs. Reynolds number
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Figure 4.21.  Variation of the flat plate airfoil lift performance with Reynolds number 
at α = 10° in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.22.  Variation of the flat plate airfoil drag performance with Reynolds 
number at α = 10° in the no grid, grid 1 and grid 2 conditions. 
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Lift-to-drag ratio vs. Reynolds number
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Figure 4.23.  Variation of the flat plate airfoil lift-to-drag ratio performance with 
Reynolds number at α = 10° in the no grid, grid 1 and grid 2 conditions. 
 
A moderate increase in the freestream turbulence intensity and longitudinal integral 
(grid 2) did not change the lift and lift-to-drag ratio performances of the flat plate 
airfoil, but improved the drag performance of the flat plate airfoil.  Therefore, for the 
flat plate airfoil, as tested in the 2D configuration, the change in the freestream 
turbulence intensity value from the smooth flow’s value needed to be as large as 
possible so that a substantial enhancement of the aerodynamic lift, drag and lift-to-
drag ratio could be attained.  The largest value of the streamwise integral length scale 
was observed to be of the same scale as that of the flat plate airfoil’s chord length at 5 
× 104 ≤ Rec ≤ 1.04 × 105.  The variation in the lift, drag and lift-to-drag ratio 
performances at 5 × 104 ≤ Rec ≤ 1.2 × 105 showed that the effect of TI∞ and Lx were 
consistent at 5 × 104 ≤ Rec ≤ 1.2 × 105. 
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4.1.2  Circular Arc Airfoil 
 
This sub-section presents the results of the two-dimensional wind-tunnel tests of the 
circular arc airfoil in the AWT 2D insert box.  The pressure distributions of the 
circular arc airfoil are presented first and followed by the presentation of the 
aerodynamic performance of the circular arc airfoil. 
 
4.1.2.1  Pressure Distributions 
 
The pressure distributions of the circular arc airfoil in the 2D configuration in the 
AWT 2D insert box are presented in this section for several turbulent conditions (no 
grid, grid 1 and grid 2) at low (α = 2°), medium (α = 6°), stall (α = 10°), and post-
stall (α = 16°) angles of attack at U∞ = 5 m/sec and 10 m/sec.  The pressure 
distributions at U∞ = 5 m/sec (Figures 4.24 to 4.27) and 10 m/sec (Figures 4.28 to 
4.31) became more influenced with increasing freestream turbulence intensity and 
longitudinal integral length scale as the angle of attack increased.  The highest 
freestream turbulence intensity and longitudinal integral length scale values provided 
the most significant change to the pressure distributions. 
 
As with the case of the pressure distributions of the flat-plate airfoil, the laminar 
separation bubble at α = 6°, 10° and 16° at U∞ = 5 m/sec was removed from the upper 
surface of the circular arc airfoil (Figures 4.25, 4.26 and 4.27). The same effect of the 
removal of the laminar separation bubble on the upper surface of the circular arc 
airfoil by the increase in the freestream turbulence intensity and longitudinal integral 
length scale was observed at U∞ = 10 m/sec (Figures 4.29, 4.30 and 4.31).  The 
comparison between the pressure distributions of the circular arc and flat plate airfoils 
demonstrates that the effect of the freestream turbulence intensity and longitudinal 
integral length scale on the aerodynamic performance of the circular arc airfoil as 
wind-tunnel tested in the two-dimensional configuration is not affected by the camber.  
The same comparison of the flat plate airfoil’s pressure distributions with Marchman 
III, et al.’s (1986) pressure distributions can be applied to the pressure distributions of 
the circular airfoil that was obtained in the two-dimensional configuration. 
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Figure 4.24.  Pressure distribution of the circular arc airfoil at α = 2°, U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.25.  Pressure distribution of the circular arc airfoil at α = 6°, U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.26.  Pressure distribution of the circular arc airfoil at α = 10° (smooth flow 
stall), U∞ = 5 m/sec and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.27.  Pressure distribution of the circular arc airfoil at α = 16°, U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.28.  Pressure distribution of the circular arc airfoil at α = 2°, U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.29.  Pressure distribution of the circular arc airfoil at α = 6°, U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.30.  Pressure distribution of the circular arc airfoil at α = 10° (smooth flow 
stall), U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.31.  Pressure distribution of the circular arc airfoil at α = 16°, U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
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4.1.2.2  Aerodynamic Performance 
 
The aerodynamic performance of the circular arc airfoil in the two-dimensional 
configuration in the AWT 2D insert box is presented and discussed in this section.  
The circular arc airfoil’s lift, drag and lift-to-drag ratio performances against the angle 
of attack are shown in Figures 4.32 to 4.34 for U∞ = 5 m/sec and in Figures 4.35 to 
4.37 for U∞ = 10 m/sec in the smooth (no grid), grid 1 and grid 2 conditions. 
 
The stall angle of attack of the circular arc airfoil in smooth flow (αmax = 10°) at U∞ = 
5 m/sec was delayed with increasing freestream turbulence intensity and longitudinal 
integral scale (Figures 4.32 and 4.35).  The highest increase in the freestream 
turbulence intensity and longitudinal integral length scale (grid 1) provided an 
increase in the maximum lift coefficient while a moderate increase in the freestream 
turbulence intensity and longitudinal integral length scale (grid 2) lowered the value 
of the maximum lift coefficient.  The improvement of the lift performance with the 
highest increase in the freestream turbulence intensity and longitudinal integral length 
scale (grid 1) was compromised with poor drag performance (Figures 4.33 and 4.36).  
The drag performance was improved from the smooth condition’s drag performance 
with the moderate increase in the freestream turbulence intensity and longitudinal 
integral length scale (grid 2), providing a lower drag coefficient at a given angle of 
attack, even though with a reduced lift coefficient.  The maximum lift-to-drag ratio 
decreased with increasing freestream turbulence intensity and longitudinal integral 
length scale at U∞ = 5 m/sec and 10 m/sec (Figures 4.34 and 4.37). 
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Lift Coefficient, Cl vs. Angle of attack, α (°)
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
-4 0 4 8 12 16 20 24
Angle of attack, α (°)
Li
ft 
co
ef
fic
ie
n
t, 
C l
α increasing No Grid
α increasing Grid 1
α increasing Grid 2
No Grid:
  TI
∞
 = 1.6 %, Lx = __ m
Grid 1:
  TI
∞
 = 5.9 %, Lx = 0.20 m
Grid 2:
  TI
∞
 = 4.3 %, Lx = 0.11 m
 
Figure 4.32.  Circular arc airfoil lift performance at U∞ = 5 m/sec and Rec = 52,000 in 
the no grid, grid 1 and grid 2 conditions. 
 
Drag Coefficient, Cd vs. Angle of attack, α (°)
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Figure 4.33.  Circular arc airfoil drag performance at U∞ = 5 m/sec and Rec = 52,000 
in the no grid, grid 1 and grid 2 conditions. 
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Lift to Drag Ratio, Cl/Cd vs. angle of attack, α (°)
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Figure 4.34.  Circular arc airfoil lift-to-drag ratio performance at U∞ = 5 m/sec and 
Rec = 52,000 in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.35.  Circular arc airfoil lift performance at U∞ = 10 m/sec and Rec = 104,000 
in the no grid, grid 1 and grid 2 conditions. 
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Drag coefficient, Cd vs. Angle of attack, α (°)
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Figure 4.36.  Circular arc airfoil drag performance at U∞ = 10 m/sec and Rec = 
104,000 in the no grid, grid 1 and grid 2 conditions. 
 
Lift-to-drag ratio, Cl/Cd vs. Angle of attack, α (°)
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Figure 4.37.  Circular arc airfoil lift-to-drag ratio performance at U∞ = 10 m/sec and 
Rec = 104,000 in the no grid, grid 1 and grid 2 conditions. 
 
The changes in the two-dimensional lift, drag and lift-to-drag ratio of the circular arc 
airfoil are shown in Figures 4.39 to 4.44 for at α = 6° and α = 10°.  In the chord 
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Reynolds number range of 5 × 104 to 1.2 × 105, the effect of increasing freestream 
turbulence intensity and longitudinal length scale on the two-dimensional 
aerodynamic performance on the circular arc airfoil was similar to the two-
dimensional aerodynamic behavior of the flat plate airfoil with increasing chord 
Reynolds number.  This suggests that the effect of the increase in the freestream 
turbulence intensity and longitudinal length scale on the two-dimensional 
aerodynamic performance of an airfoil is not influenced by the Reynolds number and 
airfoil camber.  Mueller (1999) measured the maximum lift coefficient, minimum 
drag coefficient and maximum lift-to-drag ratio of the circular arc airfoil by the force 
balance method in smooth flow and at the chord Reynolds number range of 5 × 104 to 
2 × 105, which can be used to make a comparison to the current results of the circular 
arc airfoil as measured in the two-dimensional configuration (Figure 4.38).  The 
similar trend in the lift coefficient with increasing chord Reynolds number at smooth 
flow indicates that the current two-dimensional aerodynamic results for the circular 
arc airfoil are viable.  Note that the difference in the drag coefficient results for the 
current flat plate and circular arc airfoils are due to the measurement methods used in 
the wind-tunnel tests of the flat plate and circular arc airfoils.  The wind-tunnel tests 
of the flat plate and circular arc airfoil by Mueller (1999) were conducted using the 
force balance method that measured the net drag coefficient of the flat plate and 
circular arc airfoil models, whereas in the current wind-tunnel tests, the pressure 
method was used which only accounted for the drag force due to the lift force which 
excluded the skin friction drag contribution. 
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Figure 4.38.  Aerodynamic performance of the circular arc airfoil from Mueller’s 
(1999) force balance measurements (TI∞ = 0.05 %). 
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Lift coefficient vs. Reynolds number
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Figure 4.39.  Variation of circular arc airfoil lift performance with Reynolds number 
at α = 6° in the no grid, grid 1 and grid 2 conditions. 
 
Drag coefficient vs. Reynolds number
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Figure 4.40.  Variation of circular arc airfoil drag performance with Reynolds number 
at α = 6° in the no grid, grid 1 and grid 2 conditions. 
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Lift-to-drag ratio vs. Reynolds number
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Figure 4.41.  Variation of circular arc airfoil lift-to-drag ratio performance with 
Reynolds number at α = 6° in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.42.  Variation of circular arc airfoil lift performance with Reynolds number 
at α = 10° in the no grid, grid 1 and grid 2 conditions. 
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Drag coefficient vs. Reynolds number
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Figure 4.43.  Variation of circular arc airfoil drag performance with Reynolds number 
at α = 10° in the no grid, grid 1 and grid 2 conditions. 
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Figure 4.44.  Variation of circular arc airfoil lift-to-drag ratio performance with 
Reynolds number at α = 10° in the no grid, grid 1 and grid 2 conditions. 
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The effect of the increase in the freestream turbulence intensity and longitudinal 
integral length scale on the aerodynamic performance of the circular arc airfoil as 
tested in the two-dimensional configuration was similar to the effect of the increase in 
the freestream turbulence intensity and longitudinal integral length scale on the 
aerodynamic performance of the flat plate airfoil (see section 4.1.1).  Both the flat 
plate airfoil and circular arc airfoil, tested in the two-dimensional configuration, 
showed similar changes in the lift, drag and lift-to-drag ratio with increasing 
freestream turbulence intensity and longitudinal length scale which implies that the 
influence of the freestream turbulence intensity and longitudinal integral length scale 
on the flat plate airfoil and circular arc airfoil is not influenced by the airfoil camber. 
 
4.1.3  Clark-Y Airfoil 
 
The pressure distribution and the aerodynamic performance of the Clark-Y airfoil are 
shown and discussed in this sub-section.  The pressure distributions of the Clark-Y 
airfoil in several turbulent conditions are presented first.  The effect of the change in 
the turbulent flow conditions on the aerodynamic performance of the Clark-Y airfoil 
is then given. 
 
4.1.3.1  Pressure Coefficient Distributions 
 
A summary of the turbulence intensities and integral length scales of the two-
dimensional wind-tunnel tests of the Clark-Y airfoil at U∞ = 5 m/sec and 10 m/sec are 
shown in Table 4.3. 
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Table 4.3.  Summary of turbulence intensity and integral length scales created in the 
IWT 2D insert box (see Table 3.2). 
 
The variations in the smooth flow’s (no grid) pressure distributions at α = 8° and 16° 
at U∞ = 10 m/sec as the Clark-Y airfoil was subjected to increasing freestream 
turbulence intensity and longitudinal integral length scales are shown in Figure 4.45 
and 4.46.  The laminar separation bubble (LSB) could be clearly seen on the upper 
surface’s pressure distribution in smooth flow (no grid) at α = 10° and 16°.  When the 
freestream turbulence intensity increased from the smooth flow’s value with the 
longitudinal integral length scale at a constant value, the laminar separation bubble 
was eliminated with the highest freestream turbulence intensity value (grid II).  
Increasing the longitudinal integral length scale and assuming that the freestream 
turbulence intensity is constant, had the effect of lowering the pressure difference 
between the upper and lower surfaces of the Clark-Y airfoil which resulted in a lower 
lift coefficient and drag coefficient.  The increase in the longitudinal integral length 
scale had the opposite effect of increasing the pressure difference between the upper 
and lower surfaces of the Clark-Y airfoil which would result in high lift and drag 
coefficients.  The pressure distributions of the Clark-Y airfoil, as tested in the two-
dimensional configuration, showed the same behavior as that of the flat plate and 
circular arc airfoils’ pressure distributions under the influence of increasing 
freestream turbulence intensity. 
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Figure 4.45.  Pressure distribution of the Clark-Y airfoil at α = 10° and U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid I, grid II and grid III conditions. 
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Figure 4.46.  Pressure distribution of the Clark-Y airfoil at α = 16° and U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid I, grid II and grid III conditions. 
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4.1.3.2  Aerodynamic Performance 
 
The time-averaged aerodynamic performance of the Clark-Y airfoil is presented in 
this subsection.  The effects of the increase in the freestream turbulence intensity and 
longitudinal integral length scale on the aerodynamic performance of the Clark-Y 
airfoil at U∞ = 5 m/sec and 10 m/sec are shown in Figures 4.47 to 4.52.  The lift 
performance of the Clark-Y airfoil at U∞ = 5 m/sec decreased, but the Clark-Y 
airfoil’s stall angle of attack was delayed with increasing freestream turbulence 
intensity assuming that the effect of the longitudinal integral length scale was 
neglected.  A moderately high value of the freestream turbulence intensity combined 
with the highest value of the longitudinal integral length scale (grid III) provided the 
Clark-Y airfoil with the lowest lift performance, but was provided with a lower drag 
coefficient at a given angle of attack and the highest maximum increase in the 
maximum lift-to-drag ratio (Figures 4.47 to 4.49). 
 
At U∞ = 10 m/sec, the highest freestream turbulence intensity value provided the only 
improvement in the lift performance, but was penalized by the increase in the drag 
coefficient at a given angle of attack and the lowest maximum lift-to-drag ratio.  An 
increase in the longitudinal integral length scale provided an increase in the lift 
coefficient at a given angle of attack with an accompanying increase in the drag 
coefficient at a given angle of attack.  However, the maximum lift-to-drag ratio was 
lowered by the increase in the longitudinal integral length scale (Figures 4.50 to 4.52). 
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Airfoil lift coefficient, Cl vs. Angle of attack, α (°)
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Figure 4.47.  Lift performance of the Clark-Y airfoil at U∞ = 5 m/sec and Rec = 
52,000 in the no grid, grid I, grid II and grid III conditions. 
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Figure 4.48.  Drag performance of the Clark-Y airfoil at U∞ = 5 m/sec and Rec = 
52,000 in the no grid, grid I, grid II and grid III conditions. 
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Airfoil lift-to-drag ratio, Cl/Cd vs. Angle of attack, α (°)
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Figure 4.49.  Lift-to-drag ratio performance of the Clark-Y airfoil at U∞ = 5 m/sec and 
Rec = 52,000 in the no grid, grid I, grid II and grid III conditions. 
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Figure 4.50.  Lift performance of the Clark-Y airfoil at U∞ = 10 m/sec and Rec = 
104,000 in the no grid, grid I, grid II and grid III conditions. 
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Airfoil drag coefficient, Cd vs. Angle of attack, α (°)
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Figure 4.51.  Drag performance of the Clark-Y airfoil at U∞ = 10 m/sec and Rec = 
104,000 in the no grid, grid I, grid II and grid III conditions. 
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Figure 4.52.  Lift-to-drag ratio performance of the Clark-Y airfoil at U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid I, grid II and grid III conditions. 
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When the results of the effects of the increase in the freestream turbulence intensity 
and longitudinal integral length scale on the flat plate, circular arc and Clark-Y 
airfoils, as tested in the two-dimensional configuration are compared together, the 
aerodynamic behavior of the flat plate, circular arc and Clark-Y airfoils was similarly 
affected by the increase in the freestream turbulence intensity and longitudinal 
integral length scale.  Therefore, the geometry of the airfoil does not influence the 
effect of the freestream turbulence intensity and longitudinal integral length scale on 
the aerodynamic behavior of airfoils at low Reynolds numbers. 
 
4.2  3D Airfoil Tests 
 
This section presents the three-dimensional results of the flat plate and circular arc 
airfoils.  The three-dimensional wind-tunnel tests of the flat plate and circular arc 
airfoils were performed at the IWT with the use of the ground plane (see section 
2.1.1.2). 
 
4.2.1  Flat Plate Airfoil 
 
The pressure distribution and the aerodynamic performance of the flat plate airfoil in 
the 3D configuration are shown and discussed in this sub-section.  The pressure 
distributions of the flat plate airfoil with and without the artificially generated 
turbulence are presented and discussed first.  The effect of the variation in the 
conditions generated by the clean (no grid) and artificially generated turbulence in the 
AWT’s test section on the aerodynamic performance of the flat plate airfoil are shown 
and discussed. 
 
4.2.1.1  Pressure Distributions 
 
The pressure distributions of the flat plate airfoil tested in the 3D configuration are 
shown in Figures 4.53 to 4.56 at U∞ = 10 m/sec at low (α = 4°), medium (α = 8°), 
high (α = 16°) and stall (α = 20°) angles of attack.  A summary of the turbulence 
 137 
intensities and integral length scales used in the 3D wind-tunnel tests of the flat plate 
and circular arc wing models at U∞ = 10.0 m/sec are shown in Table 4.4. 
 
 
Table 4.4.  A summary of the turbulence intensities and integral length scales of the 
IWT’s empty (no grid) test-section at U∞ = 10.0 m/sec. 
 
Increasing the freestream turbulence intensity and streamwise integral length scale 
from the smooth flow’s freestream turbulence intensity and streamwise integral length 
scale values affected the pressure distributions of the flat plate airfoil as tested in the 
3D configuration as the angle of attack increased at U∞ = 10 m/sec (Figures 4.53 to 
4.56).  The effect of the freestream turbulence intensity and streamwise integral length 
scale on the smooth flow’s pressure distributions of the flat plate airfoil tested in the 
3D configuration was similar to the effect of the freestream turbulence intensity and 
streamwise integral length scale on the flat plate airfoil’s pressure distributions tested 
in the 2D configuration (Figures 4.2 to 4.9).  Then, the aspect ratio effect, which is a 
measure of the finiteness or three-dimensionality of the wing model, is applicable in 
the pressure distributions of the flat plate airfoil (this effect is more visible in section 
4.2.1.2). 
 
As in the case of the flat plate airfoil tested in the 2D configuration, the smooth flow’s 
pressure distributions of the flat plate airfoil tested in the 3D configuration exhibited 
laminar separation bubbles at α < 4° on the upper surface of the flat plate airfoil.  
With the increase in the freestream turbulence intensity and longitudinal integral 
length scale, the laminar separation bubbles at α = 8°, 16° and 20° were eliminated.  
The elimination of the laminar separation bubbles on the upper surface of the flat 
plate airfoil at α = 8°, 16° and 20° was accomplished using higher values of the 
freestream turbulence intensity (TI∞ = 5.9 % is the exception) and longitudinal 
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integral length scale compared to the freestream turbulence intensity and longitudinal 
integral length scale values used in the 2D configuration wind-tunnel tests of the flat 
plate and circular arc airfoils. 
 
The observation that high values of the freestream turbulence intensity and 
longitudinal integral length scale are unnecessary to influence the pressure 
distributions of the flat plate airfoil can be made when comparing the effect of the 
increase of the freestream turbulence intensities and longitudinal integral length scales 
on the pressure distributions of the flat plate airfoil wind-tunnel tested in the 2D and 
3D configurations.  This observation was demonstrated by Mueller (1999) and 
Marchman III, et al. (1986) in their wind-tunnel tests.  Mueller (1999) performed 
wind-tunnel tests of a flat plate airfoil in several turbulent flow conditions where the 
freestream turbulence intensity and longitudinal integral length scale values were 
lower than the freestream turbulence intensity and longitudinal integral length scale 
values used in this research (Figure 4.16).  Marchman III, et al. (1986) altered the 
pressure distributions of a Wortmann FX-63-137-ESM airfoil and reduced the 
chordwise length of the laminar separation bubble using very low increases in the 
freestream turbulence intensity (Figure 4.1). 
 
 
 
 
 139 
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
0 0.2 0.4 0.6 0.8 1
Normalized chordwise location, x/cP
re
ss
u
re
 
Co
ef
fic
ie
n
t, 
C p
No Grid
Grid A
Grid B
: TI
∞
 = 1.1 %, Lx = __ m
: TI
∞
 = 10.6 %, Lx = 0.52 m
i : TI
∞
 = 5.9 %, Lx = 0.44 m
 
Figure 4.53.  Pressure distributions of the flat plate airfoil model in the 3D 
configuration at α = 4°, U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid A and 
grid B conditions. 
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Figure 4.54.  Pressure distributions of the flat plate airfoil model in the 3D 
configuration at α = 8°, U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid A and 
grid B conditions. 
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Figure 4.55.  Pressure distributions of the flat plate airfoil model in the 3D 
configuration at α = 16°, U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid A and 
grid B conditions. 
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Figure 4.56.  Pressure distributions of the flat plate airfoil model in the 3D 
configuration at α = 20°, U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid A and 
grid B conditions. 
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4.2.1.2  Aerodynamic Performance 
 
The flat plate airfoil’s lift coefficient, drag coefficient and lift-to-drag ratio plots 
against the angle of attack are shown in Figures 4.57 to 4.59 for U∞ = 5 m/sec and 
Figures 4.60 to 4.62 for U∞ = 10 m/sec in three different turbulent conditions: smooth 
flow (no grid), grid A and grid B conditions.  The lift coefficient was increased at a 
given angle of attack at high angles of attack with the stall angle of attack being 
delayed with increasing freestream turbulence intensity and longitudinal integral 
length scale (Figures 4.57 and 4.60), but was compromised with the increase in the 
drag coefficient (Figures 4.58 and 4.61).  The maximum lift-to-drag ratio decreased 
with the increase in the freestream turbulence intensity and longitudinal integral 
length scale from the smooth flow’s freestream turbulence intensity and longitudinal 
integral length scale values.  The effect of the increase in the freestream turbulence 
intensity and longitudinal integral length scale on the flat plate airfoil, as tested in the 
3D configuration was more apparent at high angles of attack, in contrast to the 2D 
configuration wind-tunnel results where the effect of the increase in the freestream 
turbulence intensity and longitudinal integral length scale occurred at lower angles of 
attack.  This is due to the aspect ratio effect being encountered in the 2D and 3D 
configurations wind-tunnel tests of the flat plate airfoil.  Alternatively, the difference 
between the net time-averaged aerodynamic results provided by the wind-tunnel tests 
in the 2D and 3D configurations could be due to flat plate airfoil model’s wind-tunnel 
test setup in each configuration and the two wind tunnels used in the wind-tunnel tests 
of the flat plate airfoil.  This difference in the net time-averaged aerodynamic results 
was observed by Marchman (1987), who examined and explained the differences in 
the wind-tunnel tests of a Wortmann FX63-170 airfoil between several wind-tunnel 
facilities that used different model mounting methods. 
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Lift coefficient, Cl vs. Angle of attack, α (°)
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Figure 4.57.  Flat plate airfoil lift performance (3D configuration) at U∞ = 5 m/sec and 
Rec = 52,000 in the no grid, grid A and grid B conditions. 
 
Drag coefficient, Cd vs. Angle of attack, α (°)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
-4 0 4 8 12 16 20 24
Angle of attack, α (°)
D
ra
g 
co
ef
fic
ie
n
t, 
C d
α increasing No Grid
α increasing Grid A
α increasing Grid B
No G id:
  TI
∞
 = 1.1 %, Lx = __ m
Grid A:
  TI
∞
 = 10.6 %, Lx = 0.52 m
Grid B:
  TI
∞
 = 5.9 %, Lx = 0.44 m
 
Figure 4.58.  Flat plate airfoil drag performance (3D configuration) at U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid A and grid B conditions. 
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Lift-to-drag ratio, Cl/Cd vs. Angle of attack, α (°)
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Figure 4.59.  Flat plate airfoil lift-to-drag ratio performance (3D configuration) at U∞ 
= 5 m/sec and Rec = 52,000 in the no grid, grid A and grid B conditions. 
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Figure 4.60.  Flat plate airfoil lift performance (3D configuration) at U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid A and grid B conditions. 
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Drag coefficient, Cd vs. Angle of attack, α (°)
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Figure 4.61.  Flat plate airfoil drag performance (3D configuration) at U∞ = 10 m/sec 
and Rec = 104,000 in the no grid, grid A and grid B conditions. 
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Figure 4.62.  Flat plate airfoil lift-to-drag ratio performance (3D configuration) at U∞ 
= 10 m/sec and Rec = 104,000 in the no grid, grid A and grid B conditions. 
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The variation in the lift coefficient, drag coefficient and lift-to-drag ratio of the flat 
plate airfoil as tested in the 3D configuration with the chord Reynolds number at αmax 
= 18° (smooth flow or no grid) are shown in Figures 4.63 to 4.65.  It can be seen that 
the effect of the increase in the freestream turbulence intensity and longitudinal 
integral length scale was consistent through the range of the test chord Reynolds 
number range.  This would suggest that the Reynolds number does not play a role on 
the effect of the variation in the freestream turbulence intensity and longitudinal 
integral length scale on the aerodynamic performance of the flat plate airfoil.  The lift, 
drag and lift-to-drag ratio performance of the flat plate airfoil, as they varied with the 
chord Reynolds number, were similar to the results obtained by Mueller’s (1999) 
wind-tunnel tests of the flat plate airfoil (Figure 4.17). 
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Figure 4.63.  Flat plate airfoil’s lift performance with Reynolds number (3D 
configuration) at αmax = 18° (smooth flow or no grid) in the no grid, grid A and grid B 
conditions. 
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Figure 4.64.  Flat plate airfoil’s drag performance with Reynolds number (3D 
configuration) at αmax = 18° (smooth flow or no grid) in the no grid, grid A and grid B 
conditions. 
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Figure 4.65.  Flat plate airfoil’s maximum lift-to-drag ratio performance with 
Reynolds number (3D configuration) at αmax = 3° (smooth flow or no grid) in the no 
grid, grid A and grid B conditions. 
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4.2.2  Circular Arc Airfoil 
 
The pressure distribution and the aerodynamic performance of the circular arc airfoil 
in the 3D configuration are shown and discussed in this sub-section.  The pressure 
distributions of the circular arc airfoil in smooth flow and with the artificially 
turbulence generated by the mesh grids are presented and discussed first.  Then, the 
time-averaged aerodynamic forces of the circular arc airfoil in the 3D configuration 
are presented in the smooth flow (no grid) condition and in the turbulent flow 
conditions. 
 
4.2.2.1  Pressure Distributions 
 
The pressure distributions of the circular arc airfoil at U∞ = 10 m/sec, tested in the 3D 
configuration as a rectangular wing model are shown in Figures 4.66 to 4.67.  The 
circular arc airfoil’s pressure distribution was altered with increasing freestream 
turbulence intensity and longitudinal integral length scale with the effect of the 
increasing the freestream turbulence intensity and longitudinal integral length scale 
more prominent at a high angle of attack (Figures 4.66 and 4.67).  The same effect of 
the removal of the laminar separation bubble was observed at high angles of attack for 
the circular arc airfoil when tested in the 3D configuration.  The pressure distributions 
of the circular arc airfoil, obtained in the 3D configuration wind-tunnel tests, were 
similar to the flat plate airfoil’s pressure distributions that were obtained in the 3D 
configuration wind-tunnel tests and to the pressure distributions of the flat plate and 
circular arc airfoils that were obtained in the 2D configuration wind tunnel tests.  
Therefore, airfoil geometry and the manner of wind-tunnel setup do not come into 
play when there are changes or increases in the freestream turbulence intensity and/or 
longitudinal integral length scale.  This fact can be substantiated by the wind-tunnel 
results of previous low Reynolds number aerodynamic researchers such as Mueller 
(1999) and Marchman (1987).  The reaction of the laminar boundary layer on the 
upper surface of the airfoil model to the freestream turbulence is the key to 
understanding the effect of changing or increasing the freestream turbulence intensity 
and/or integral length scale as implied by Pohlen and Mueller (1984) for example. 
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Figure 4.66.  Pressure distributions of the circular arc airfoil model in the 3D 
configuration at α = 8°, U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid A and 
grid B conditions. 
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Figure 4.67.  Pressure distributions of the circular arc airfoil model in the 3D 
configuration at α = 16° (smooth flow stall), U∞ = 10 m/sec and Rec = 104,000 in the 
no grid, grid A and grid B conditions. 
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4.2.2.2  Aerodynamic Performance 
 
The time-averaged lift coefficient, drag coefficient and lift-to-drag ratio plots against 
angle of attack for the circular arc airfoil that was wind-tunnel tested in the 3D 
configuration are shown in Figures 4.68 to 4.70 for U∞ = 5 m/sec and Figures 4.71 to 
4.73 for U∞ = 10 m/sec in the smooth flow (no grid), grid A and grid B conditions.  In 
a similar fashion to all the previous results,  the circular arc airfoil’s lift coefficient in 
smooth flow was enhanced and the stall angle of attack was delayed with increasing 
freestream turbulence intensity and longitudinal integral length scale at high angles of 
attack (Figures 4.68 and 4.71).  However, the drag coefficient at a given angle of 
attack also increased with increasing freestream turbulence intensity and longitudinal 
integral length scale (Figure 4.69 and 4.72).  The smooth flow’s maximum lift-to-drag 
ratio was improved with the increase in the freestream turbulence intensity and 
longitudinal integral length scale to the moderate values of the freestream turbulence 
intensity and longitudinal integral length scale at U∞ = 5 m/sec (grid B, Figure 4.70) 
while at U∞ = 10 m/sec, the maximum lift-to-drag ratio decreased as the freestream 
turbulence intensity and longitudinal integral length scale increased from the smooth 
flow’s values with the moderate increase in the freestream turbulence intensity and 
longitudinal integral length scale (grid B, Figure 4.73) providing the lowest value of 
the maximum lift-to-drag ratio. 
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Figure 4.68.  Circular arc airfoil lift performance (3D configuration) at U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid A and grid B conditions. 
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Figure 4.69.  Circular arc airfoil drag performance (3D configuration) at U∞ = 5 m/sec 
and Rec = 52,000 in the no grid, grid A and grid B conditions. 
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Lift-to-drag ratio, Cl/Cd vs. Angle of attack, α (°)
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Figure 4.70.  Circular arc airfoil lift-to-drag ratio performance (3D configuration) at 
U∞ = 5 m/sec and Rec = 52,000 in the no grid, grid A and grid B conditions. 
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Figure 4.71.  Circular arc airfoil’s lift performance (3D configuration) at U∞ = 10 
m/sec and Rec = 104,000 in the no grid, grid A and grid B conditions. 
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Drag coefficient, Cd vs. Angle of attack, α (°)
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Figure 4.72.  Circular arc airfoil’s drag performance (3D configuration) at U∞ = 10 
m/sec and Rec = 104,000 in the no grid, grid A and grid B conditions. 
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Figure 4.73.  Circular arc airfoil’s lift-to-drag ratio performance (3D configuration) at 
U∞ = 10 m/sec and Rec = 104,000 in the no grid, grid A and grid B conditions. 
 
The lift coefficient, drag coefficient and lift-to-drag curves of the circular arc flat plate 
airfoil (3D configuration) against the chord Reynolds number at a stall angle of attack 
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of 18° (smooth flow or no grid) are shown in Figures 4.74 to 4.76.  The improvement 
in the lift performance and the increase in drag by the increase in the freestream 
turbulence intensity and integral length scale were random in the chord Reynolds 
number range from 5.8 × 104 to 1.4 × 105 (Figures 4.74 and 4.75).  The randomness in 
the lift and drag variations with the chord Reynolds number could have been due to 
experimental error during the recording of the pressure data from the circular arc 
airfoil’s pressure taps and is in contrast to the wind-tunnel results given by Mueller 
(1999) (Figure 4.38).  The maximum lift-to-drag ratio (Figure 4.76) decreased when 
the chord Reynolds number was greater than or equal to 8 × 104 when the freestream 
turbulence intensity and integral length scale were increased from the smooth flow’s 
values. 
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Figure 4.74.  Circular arc airfoil’s lift performance with Reynolds number (3D 
configuration) at αmax = 18° (smooth flow or no grid) in the no grid, grid A and grid B 
conditions. 
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Figure 4.75.  Circular arc airfoil’s drag performance with Reynolds number (3D 
configuration) at αmax = 18° (clean or no grid) in the no grid, grid A and grid B 
conditions. 
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Figure 4.76.  Circular arc airfoil’s maximum lift-to-drag ratio performance with 
Reynolds number (3D configuration) at αmax = 0° (smooth flow or no grid) in the no 
grid, grid A and grid B conditions. 
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This chapter presented and discussed the 2D and 3D wind-tunnel tests of the flat 
plate, circular arc and Clark-Y airfoils.  The outcome of the wind-tunnel tests of these 
three airfoils under the influence of increasing freestream turbulence intensity and 
longitudinal integral length scale can alter the pressure distribution on the airfoil’s 
upper surface in a favorable manner with the laminar separation bubble being 
shortened in chordwise length or removed.  The shortening in chordwise length or 
removal of the laminar separation bubble was only obtained when the freestream 
turbulence intensity and longitudinal integral length scale increased to desirable 
values which can be lower than the highest attainable freestream turbulence intensity 
and longitudinal integral length scale values. 
 
The 2D and 3D time – averaged aerodynamic performance of the flat plate, circular 
arc and Clark-Y airfoils showed that the effect of the increase of the freestream 
turbulence intensity and longitudinal integral length scale on the time – averaged 
aerodynamic performance of the flat plate, circular arc and Clark-Y airfoils were 
beneficial only if the freestream turbulence intensity and longitudinal integral length 
scale were increased to a selected value which can be lower than the highest increase 
in the freestream turbulence intensity and/or longitudinal integral length scale.  When 
the freestream turbulence intensity and longitudinal integral length scale were 
increased to the selected values of the freestream turbulence intensity and longitudinal 
integral length scale, the lift performance was enhanced, but was penalized by the 
drag increase. 
 
The lift-to-drag ratio was unaffected by the increase of the freestream turbulence 
intensity and longitudinal integral length scale at medium to high angles of attack, 
however the maximum lift-to-drag ratio was increased when the freestream turbulence 
intensity and longitudinal integral length scale increased to selected values which can 
be lower than the highest possible increase in the freestream turbulence intensity and 
longitudinal integral length scale.  The effect of the increase in the freestream 
turbulence intensity and longitudinal integral length scale was found to be consistent 
in the range of the wind-tunnel test chord Reynolds number. 
 
The time-averaged results of the wind-tunnel tests of the flat plate, circular arc and 
Clark-Y airfoils showed that the effect of the increase in the freestream turbulence 
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intensity and longitudinal integral length scale was not influenced by the thickness 
and camber of the airfoil.  The chord Reynolds number was found not to be a factor in 
the influence of the increasing freestream turbulence intensity and longitudinal 
integral length scale.  The reasons for these statements are briefly explained in the 
next chapter. 
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Chapter 5  Conclusions and Recommendations for Future 
Work 
 
This chapter concludes the results of this research work and provide some ideas on 
future research work that are valuable to low Reynolds number flight of MAVs in 
turbulent environments.  The findings of this research are discussed first, followed by 
the recommendation for further studies in low Reynolds number aerodynamics that 
could be considered as a continuation of this research work. 
 
5.1  Conclusions 
 
Wind-tunnel tests of three airfoils in 2D and 3D configurations under relatively 
smooth and turbulent flow conditions were performed.  A flat plate, circular arc and 
Clark-Y airfoil were exposed to nearly homogeneous turbulent flow using mesh grids 
that were representative of the turbulent environment MAVs are expected to operate 
in.  The turbulence intensities generated by the mesh grids were comparable to those 
found at low altitudes where MAVs are expected to operate and larger in value 
compared to previous studies on the effect of freestream turbulence on low Reynolds 
number aerodynamics.  The integral length scales were lower than those found in the 
atmospheric boundary layer. 
 
The results of the wind-tunnel tests of the flat plate, circular arc and flat plate airfoils 
in the 2D and 3D configurations have shown that the laminar separation bubble could 
be eliminated or shortened in length under the influence of increasing turbulence 
intensity.  The time-averaged aerodynamic performance of the flat plate, circular arc 
and Clark-Y airfoils have shown that by increasing the freestream turbulence 
intensity, the lift performance could be enhanced, but with penalty in the increase in 
the drag force.  The maximum lift-to-drag ratio was improved when the freestream 
turbulence intensity was increased. 
 
The effect of the increase of the freestream turbulence intensity on the time-averaged 
aerodynamic performance of the airfoils was found to be advantageous only when the 
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freestream turbulence intensity and longitudinal integral length scale were increased 
to a value which could be lower than the highest attainable increase in the freestream 
turbulence intensity and longitudinal integral length scale.  The geometry of the airfoil 
(such as the camber and thickness) and chord Reynolds number did not significantly 
determine how the increase in the freestream turbulence intensity and longitudinal 
integral length scale would affect the time-averaged aerodynamic performance of the 
airfoil. 
 
The effect of the freestream turbulence intensity on the time-averaged aerodynamic 
performance of lifting surfaces (airfoils) at low chord Reynolds numbers can be 
explained by the behavior of the laminar boundary layer on the airfoil’s surface as it 
responds to the external freestream disturbance or turbulence.  In fluid dynamic 
research, the flow behavior of the boundary layer such as transition, separation and re-
attachment have been known to react to any introduction of external disturbances.  
This reaction has been defined by Morkovin (1969) as “receptivity” where 
disturbances in the freestream flow, such as sound or vorticity enter the body’s 
surface boundary layer and set up the initial conditions for the growth of disturbances 
within the boundary layer, such as the disturbance’s amplitude, frequency and phase 
which then leads to the alteration of the body’s boundary layer flow, its near-wake 
and far-wake flow environment.  There are numerous examples of the 
“receptivity”effect that can be found in fluid dynamic research (see e.g. Watmuff, 
1999, Perry and Steiner, 1987).  It is expected that the receptivity effect would have 
played a role in the effect of the freestream turbulence being introduced into the 
airfoils’ boundary layer and resulted in the alteration of the time-averaged 
aerodynamic performance of the airfoils. 
 
It was not possible to independently vary the turbulence intensities and integral length 
scales in these tests.  Thus, it is difficult to draw any conclusions on the independent 
effects of these parameters. 
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5.2  Recommendations for Future Work 
 
This research has explored the effects of low-altitude atmospheric turbulence on the 
time-averaged aerodynamic behavior of several MAV airfoils.  From the outcomes of 
this work, several recommendations for future studies are presented. 
 
The turbulent flow that was used in this study to recreate the low-altitude turbulence 
that is expected to be encountered by an MAV in flight was generated artificially by 
the use of mesh grids.  Although the mesh grids used in this research were found to be 
a practical and cost-effective method in generating nearly similar turbulence 
intensities that are comparable to the low-altitude turbulence that is expected to be 
encountered by an MAV in flight, the turbulence characteristics generated by the 
mesh grids are fixed by the mesh grids’ geometry and cannot be varied during the 
wind-tunnel tests.  An alternative method of generating isotropic and homogeneous 
turbulence in a wind tunnel can be implemented by the use of an “active” grid.  An 
“active” grid is similar to a mesh grid, except that the “active” grid has a movable 
mesh (see e.g. Makita, 1991).  This alternative method will allow for the variation of 
the turbulence characteristics, such as the turbulence intensity and integral length 
scale without the need for installing another mesh grid to change the turbulence 
intensity and integral length scale. 
 
In the field of wind engineering, a scaling parameter is used to scale down the 
turbulence found in the atmospheric boundary layer so that experimental 
measurements can be performed in a small wind-tunnel in a cost-effective manner.  In 
turbulence research, the Reynolds number is based on the length of the mesh and is 
used to dynamically scale the incoming turbulence.  In this study, the Reynolds 
number was used to dynamically scale the flow environment of the MAV airfoils.  
There is a requirement for the dynamic scaling of the turbulence to the body being 
subjected to the turbulence for future comparisons between experimenters in this type 
of study. 
 
More research is needed in the evaluation of the effects of high turbulent flows on 
MAV airfoils.  In particular, the independent effects of the turbulent flow’s turbulence 
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intensities and integral length scales on the laminar separation bubble and the 
hysteresis phenomenon need to be further studied.  The turbulence intensities and 
integral length scales of the turbulent flows should be ideally comparable to the 
values found in low-altitude atmospheric turbulence.  However, it is realized that 
matching these parameters and the chordwise Reynolds number is unfeasible. 
 
The effects of the turbulence intensity and integral length scale components of the 
turbulent environment on MAV wing planforms should be independently 
investigated.  Wing geometry parameters such as wing sweep, wing area, wing span 
and aspect ratio may influence the effects of the turbulence intensity and integral 
length scale components of the incoming turbulent freestream.  In the case of flapping 
wing planforms, the frequency and amplitude of the flapping motion may play a role 
on how the turbulence intensity and integral length scale components of the incoming 
turbulent freestream affect the MAV wing planform. 
 
Because micro air vehicles are relatively affordable and easy to build, it is possible to 
conduct real-life flight measurements of the turbulence environment being 
experienced by a micro air vehicle in a typical mission.  The major obstacle in 
pursuing this concept is miniaturization of the required instrumentation for the 
measurement of the incoming freestream turbulence, MAV aerodynamic data and 
MAV flight dynamic data.  However, increasingly “off-the-shelf” radio-control 
instrumentation part(s) may be suitable for the measurement of the incoming 
freestream turbulence, MAV aerodynamic data and MAV flight dynamic data with 
minor modifications. 
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Appendix A.1  Airfoil Pressure Data Procedure and Analysis 
 
This appendix deals with the procedure in processing the pressure data obtained by the 
DPMS and DP modules from the airfoil models’ pressure taps.  The pressure 
measurement setup that utilized the DPMS and DP modules is shown in Figure A.1.1. 
 
The pressure taps from the top surface of the flat plate airfoil model were connected to 
DP modules 1 and 2 via 240 mm long plastic tubing (see Figure A.1.1).  The pressure 
data from the top surface of the flat plate airfoil, after being recorded by the DP modules 
1 and 2 were transferred to the DPMS interface box.  The DPMS interface box acted as 
an external terminal board that is commonly used in data acquisition (DAQ) cards.  A 
National Instruments’ NI PC 6034E series DAQ card sampled the each of the DPMS 
modules using its sixteen analog inputs in simultaneous mode at sixteen bits resolution.  
Finally, the pressure data from the top surface of the flat plate airfoil model were then 
saved as ASCII files, one ASCII file per DP module.  The pressure data from the bottom 
surface of the flat plate airfoil also had the same setup as the top surface of the flat plate 
airfoil, except that the pressure data from the bottom surface of the flat plate airfoil was 
recorded by DP modules 3 and 4. 
 
The freestream static pressure was recorded simultaneously by the Baratron MKS 
pressure transducer and DP module 3 for the computation of the pressure coefficient, Cp.  
The Baratron MKS transducer was used to record the freestream pressure difference, pt - 
ps to calculate freestream velocity, U∞ using the Bernoulli equation. 
 
 
 
 
 
 
 
 
 172 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1.1  The DPMS and DP pressure measurement setup. 
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The same DPMS and DP pressure measurement setup shown in Figure A.1.1 was also 
used for the 2D and 3D configuration tests of the rectangular flat plate, circular arc and 
Clark-Y wing models. 
 
To start the procedure of processing the collected pressure data from the airfoil and wing 
models, the ambient atmospheric pressure, Patm and temperature, Tatm at the initiation of 
each wind tunnel tests of each airfoil or wing model was recorded.  The ambient 
atmospheric pressure, Patm and temperature, Tatm were used to calculate the freestream air 
density, ρ∞ using the ideal gas law: 
 
atm
atm
RT
P
ρ =
∞
         (A.1.1) 
 
where R = 287 m2/°K·sec2. 
 
Then the local freestream air dynamic pressure, q∞ was used to calculate the freestream 
air dynamic pressure and Reynolds Number, Rec (based on the chord of the airfoil and 
wing models).  The freestream air dynamic pressure, q∞ is defined by: 
 
2Uρ
2
1q
∞∞∞
=          (A.1.2) 
 
and the Reynolds Number, Rec by: 
 
µ
cUρRec ∞∞=          (A.1.3) 
 
The pressure coefficient, Cp distributions on the top and bottom surfaces of the airfoil 
model or rectangular wing model are given by the following equations: 
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∞
∞
−
=
q
PP
C stopp top         (A.1.4) 
 
and 
 
∞
∞
−
=
q
PP
C sbottompbottom         (A.1.5) 
 
The computed values of the raw time-averaged pressure coefficient, 
topp
C and 
bottompC were 
then plotted for each value of the angle of attack, α.  A pressure coefficient distribution 
plot was constructed around the given airfoil or wing model.  An example of a pressure 
coefficient distribution plot, or pressure distribution plot for a Clark-Y airfoil at α = 6° 
and Rec = 7.5 × 104 is shown in Figure A.1.2.  Each pressure distribution plot was 
modified by adding a point at the stagnation point with a Cp = 1.  The stagnation point 
was located using the empirical formula provided by Kang and Altman (2006). 
 
Figure A.1.2.  A pressure coefficient distribution plot for a Clark-Y airfoil at α = 6° and 
Rec = 7.5 × 104 (Marchman III and Werme, 1984). 
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The overall time-averaged aerodynamic coefficients of the airfoil or wing models, at the 
section where the pressure coefficient plot and pressure data were obtained were then 
computed.  The procedure in calculating the overall aerodynamic coefficients of the 
airfoil or wing models are described in the following paragraphs. 
 
The local normal and tangential force coefficient components, Cn and Cc at the segment 
where the pressure tap was located were calculated.  The diagram in Figure A.1.3 
illustrates the position of the local normal and tangential force components, Cn and Cc 
relative to the pressure tap position. 
 
 
 
 
 
 
 
 
 
 
Figure A.1.3.  Diagram of aerodynamic force coefficient composition at the local 
pressure tap location. 
 
The following variables that are shown in Figure A.1.2 are defined as follows: 
 
ipn
C  = Resultant force coefficient acting normal from the pressure tap. 
in
C  = Normal force coefficient acting in the vertical direction. 
it
C  = Tangential force coefficient acting in the streamwise direction. 
xi, yi  = Starting coordinates of the pressure tap segment. 
xi + 1, yi + 1 = Next coordinates of the pressure tap segment. 
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iγ   = gradient angle of the pressure tap segment. 
 
The normal and tangential force coefficients are then given by: 
 
 ( )iitopp γcosCC itopn =        (A.1.6) 
 
 
( )iibottomp γcosCC ibottomn =        (A.1.7) 
 
 ( )iitopp γsinCC itopt =         (A.1.8) 
 
 
( )iibottomp γsinCC ibottomt =        (A.1.9) 
 
The difference in the normal and tangential force coefficients for each pressure tap 
location between the top and bottom surfaces of the airfoil or wing model were given by: 
 
 itopnibottomnin CCC −=∆                 (A.1.10) 
 
 itoptibottomtit CCC −=∆                 (A.1.11) 
 
The overall normal and tangential force coefficients for the airfoil section were computed 
using the following equations: 
 
 




∆= ∫ c
xdCC
1
0 inN
                 (A.1.12) 
 
 




∆= ∫ c
xdCC
1
0 itT
                 (A.1.13) 
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The integration of the difference in the normal and tangential force coefficients to obtain 
the overall normal and tangential force coefficient was performed using Simpson’s rule.  
Then the lift and drag coefficients of the airfoil section at a given angle of attack, α were 
calculated using the following relations: 
 
( ) ( )αsinCαcosCC TNl −=                  (A.1.14) 
 
( ) ( )αcosCαsinCC TNd +=                  (A.1.15) 
 
The entire calculation procedure in determining the lift and drag coefficients from the 
pressure data utilizing equations (A.1.4) to (A.1.5) was performed in a Matlab program. 
This procedure was adapted from methods provided by Barlow, et al. (1999), Houghton, 
and Carpenter, (2003). 
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A.2  Turbulence Data Procedure 
 
This appendix gives a description of the TFI Cobra probe and its principle of operation.  
A brief description of the program that was used to obtain the three-dimensional velocity, 
flow angles, turbulence intensities and Reynolds stresses is given.  The program is known 
as the TFI Device Control software and is a software component of the TFI Cobra probe 
and DPMS packages.  A brief description of the equation used to calculate the integral 
length scales is also provided.  Note that the calibration of the TFI Cobra probe is 
described in Appendix C.1 
 
The TFI Cobra probe (Figure A.2.1) is a four-hole pressure probe manufactured by 
Turbulent Flow Instrumentation.  The Cobra probe is used in conjunction with TFI 
Device Control software (Figure A.2.2).  The Cobra probe is capable of measuring three 
component velocity, Reynolds stresses and static pressure information within a ±45° 
hemispherical region.  The Cobra probe’s frequency response has a range of 0 Hz to more 
than 2 kHz.  The Cobra probe with the TFI Device Control software allows for real-time 
data processing, frequency analysis, display and multiple simultaneous uses of Cobra 
probes. 
 
 
Figure A.2.1.  TFI Series 100 Cobra Probe (Milbank, 2004). 
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Figure A.2.2.  Data Display screen of the TFI Device Control software Probe (Milbank, 
2004). 
 
Hooper and Musgrove (1997) describe the TFI four-hole Cobra probe in detail in their 
article.  A brief description is only given in this appendix.  Basically, the four-hole Cobra 
probe uses the following equations: 
 
 
( ) ( )k0ji1 ppppX −−=  
 
( ) ( )k0kj2 ppppX −−=  
 ( )k02d ppρU5.0X −=  
 ( ) ( )k00tt ppppX −−=        (A.2.1) 
 
where: 
 
 0p  = center-hole pressure, (Pa) 
 
2
d ρU5.0p =  = dynamic pressure, (Pa) 
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 tp  = total pressure, (Pa) 
 ip , jp , kp  = outer-hole pressures in decreasing magnitude, (Pa) 
 1X  = nondimensional Cobra probe pressure ratio #1 
 2X  = nondimensional Cobra probe pressure ratio #2 
 dX  = nondimensional Cobra probe dynamic pressure ratio 
 tX  = nondimensional Cobra probe total pressure ratio 
 
1X  and 2X  are treated as independent variables during the manufacturer’s static 
calibration.  Four calibration plots are then generated for the yaw angles, pitch angles 
dX and tX .  These four calibration plots for the yaw angles, pitch angles dX and tX  are 
then used as look-up interpolation tables during the actual use of the Cobra probe. 
 
The instantaneous velocity vector, Vr; its velocity components in the streamwise, 
spanwise and vertical directions; u, v, w; yaw angle and pitch angle are then computed 
using the four calibration plots mentioned above (see Figure C.1.3).  The instantaneous 
3D velocity vector information is used by the TFI Device Control software to calculate 
the overall turbulent intensity; its components in the streamwise, spanwise and vertical 
directions and the Reynolds stresses. 
 
The ambient temperature drift caused voltage offsets to be introduced into the pressure 
transducers in the Cobra probes after several minutes of use.  This ambient temperature 
drift was removed (“zeroed”) after two or three velocity and turbulence measurements 
made by the Cobra probes with the aid of the TFI Device Control Software (for details, 
see Milbank, 2007). 
 
 
 181 
 
Figure A.2.3.  Sketch of the velocity vector as seen by the TFI Cobra probe (Milbank, 
2005). 
 
Several codes were written in Matlab(R2008b) to check the 3D velocity; turbulence 
information given by the TFI Cobra probe(s) and to calculate the integral length scales in 
the streamwise, spanwise and vertical directions.  The resultant, streamwise, spanwise 
and vertical integral length scales were computed using the method used by Hinze (1975) 
and Roach (1987).  The assumption that the turbulence is homogeneous and isotropic 
allows for the approximation of the integral length scales by the spectral method (see 
Hinze (1975) and Roach (1987) for details).  The equation used in the computation of the 
integral length scales in this research work is: 
 
 ( )
2
xx
2
U
f21
UfE
u4





 Λ
+=
Λ pi
 (Roach, 1987)     (A.2.2) 
 
where: 
 
E(f) = one-dimensional power spectral density 
f = frequency 
U = mean flow velocity 
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2u  = mean-square of the fluctuating longitudinal velocity component 
Λx = longitudinal integral length scale 
 
Roach(1987) stated that if the turbulence was considered to be homogeneous and 
isotropic, equation (A.2.2) can be used to determine the longitudinal length scale.  
Furthermore, Roach(1987) simplified equation (A.2.2) to: 
 
( )
0
2
x
u4
UfE
→






=Λ
f
 (Roach, 1987)       (A.2.3) 
 
Equation (A.2.3) was used to calculate the integral length scales in this research.  The 
transverse and lateral integral length scales were calculated in a similar manner.  The 
calculation of the integral length scales were performed in a Matlab program. 
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Appendix A.3  Error and Uncertainty Analysis 
 
This appendix section presents the errors involved in the wind-tunnel tests of the 
turbulence generating grids, airfoil and wing models.  The uncertainty of a measured or 
calculated variable is an indication of its accuracy or error.  An account of the accuracy 
or error of all the measured and calculated variables is presented in this appendix in terms 
of their uncertainty.  The uncertainty of each variable was determined from randomly 
repeated measurements and from the standard deviation of the mean of sampled variable. 
 
Due to the large amount of wind-tunnel test data collected, a representative collection of 
the processed data for error and uncertainty analysis is presented here.  Similar results 
were obtained were obtained in the error and uncertainty analysis of the rest of the 
collected wind-tunnel data.  The error and uncertainty analysis of the wind-tunnel data 
was performed using the methods given by Baylor and Kuyatt(1994). 
 
Chord and Angle of Attack 
 
The uncertainty in the chord of the airfoil and wing models, uc is assumed to be ± 0.1 mm 
as determined by the use of the rapid manufacturing procedure described in Chapter 2.  
The uncertainty in the angle of attack, uc was determined during the wind-tunnel tests of 
the airfoil and wing models.  The uncertainty in the angle of attack, uc was estimated to 
be ±0.5°. 
 
Local Atmospheric Conditions 
 
The local atmospheric pressure was measured by a standard Fortin barometer.  An 
estimate of the uncertainty, u(p∞) in the value of the local atmospheric pressure was 
determined to be ±0.01 mmHg (1.3 Pa).  The uncertainty in the local atmospheric 
temperature, u(T∞) using a standard laboratory mercury thermometer was ±0.5°C 
(273.7°K).  The uncertainty in the local atmospheric air density, u(ρ∞) was estimated to be 
±0.01 kg/m3. 
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Freestream Air Velocity, Reynolds Number and Dynamic Pressure 
 
The freestream air velocity’s uncertainty, u(U∞) is plotted against the freestream air 
velocity range of 5 m/sec to 12.5 m/sec in Figure A.3.1.  The range of uncertainty in the 
freestream air velocity varied from ±0.02 m/sec at U∞ = 5 m/sec to ±0.05 m/sec at U∞ = 
12.5 m/sec.  The uncertainty in the Reynolds number, u(Re), shown in Figure A.3.2, had 
a range of ±200 to ±500 at 5 m/sec ≤ U∞ ≤ 12.5 m/sec.  The dynamic pressure range at 5 
m/sec ≤ U∞ ≤ 12.5 m/sec (Figure A.3.3) had an uncertainty ranging from ±0.15 Pa to 
±0.86 Pa. 
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Figure A.3.1.  Range of uncertainty in the freestream air velocity. 
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Range of uncertainty in Reynolds number
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Figure A.3.2.  Range of uncertainty in Reynolds number. 
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Figure A.3.3.  Range of uncertainty in the dynamic pressure. 
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Airfoil and Wing Model Pressure Taps 
 
The pressure data from the pressure taps of the airfoil and wing models have uncertainties 
that were determined from the static calibration of the DPMS (Appendix C.2) and from 
randomly repeated pressure measurements during the actual wind-tunnel tests of the 
airfoil and wing models.  The pressure data from the airfoil tests and the DPMS static 
calibration were sampled at a rate of 1 kHz for 60 sec.  The acquired pressure data from 
the airfoil and wing models’ pressure taps would have an uncertainty of ±0.1 Pa to ±0.2 
Pa at 5 m/sec ≤ U∞ ≤ 12.5 m/sec.  The uncertainty in the pressure coefficient, u(Cp) 
(Figure A.3.4) was determined to be in the range of ±0.0007 to ±0.08 at 5 m/sec ≤ U∞ ≤ 
12.5 m/sec. 
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Figure A.3.4.  Range of uncertainty in the pressure coefficient. 
 
Lift, Drag and Lift-to-Drag Ratio 
 
The uncertainty in the lift coefficient is shown in Figure A.3.5 and had a range of ±0.001 
to ±0.04 in the wind-tunnel tests’ freestream air velocity range of 5 m/sec to 12.5 m/sec.  
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The pressure drag coefficient had an uncertainty ranging from ±0.0001 to ±0.004 at 5 
m/sec ≤ U∞ ≤ 12.5 m/sec (Figure A.3.6).  For 4° ≤ α ≤ 20°, the lift-to-drag ratio had an 
uncertainty that varied from ±0.006 to ±0.07 at 5 m/sec ≤ U∞ ≤ 12.5 m/sec (Figure A.3.7).  
However, as mentioned in Chapter 4, at low angles of attack -4° ≤ α ≤ 4°, the uncertainty 
in the lift to drag ratio could be much larger because of the low drag coefficient value. 
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Figure A.3.5.  Range of uncertainty in the lift coefficient. 
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Range of uncertainty in drag coefficient
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Figure A.3.6.  Range of uncertainty in the drag coefficient. 
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Figure A.3.7.  Range of uncertainty in the lift-to-drag ratio. 
 
 
 
 
 189 
Repeatability of the Aerodynamic Measurements 
 
Several pressure measurements of the airfoil and wing models were repeated to ensure 
that identical pressure coefficients lift and drag coefficients were obtained at a given 
angle of attack.  A comparison between the actual and repeated pressure distributions of 
the flat plate rectangular wing at α = 6° and U∞ = 5 m/sec is shown in Figure A.3.8. 
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Figure A.3.8.  Repeatability of pressure distribution at α = 6° and U∞ = 5 m/sec. 
 
The difference between repeated pressure distributions are shown in Figure A.3.9.  The 
maximum difference between the actual and repeated pressure distributions occurred at 
the bottom surface of the flat plate rectangular wing at x/c = 0.52 with a difference 
between the actual and repeated pressure coefficients of 0.06.  The minimum difference 
between the actual and repeated pressure coefficients was -0.07 at x/c = 0.26.  The actual 
and repeated pressure distributions are closely similar and the relatively small variation 
will not change any conclusions drawn in the work. 
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Figure A.3.9.  Difference between the actual and repeated pressure distribution at α = 6° 
and U∞ = 5 m/sec. 
 
Turbulence Intensity and Integral Length Scale 
 
The uncertainty in the calculation of the turbulence intensities is demonstrated in Figure 
A.3.12.  The uncertainty in the freestream turbulence intensity of grid A (Figure A.3.12) 
had a range of ±0.14% to ±0.35% at 5 m/sec ≤ U∞ ≤ 12.5 m/sec.  The streamwise integral 
length scale had a range of uncertainty varying from a minimum of ±0.06 m at 10 m/sec 
to a maximum of ±0.09 m at 5 m/sec. 
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Figure A.3.10.  Range of uncertainty in the freestream turbulence intensity. 
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Figure A.3.11.  Range of uncertainty in the streamwise integral length scale. 
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Baylor, T. N. and Kuyatt, C. E., 1994, “Guidelines for Evaluating and Expressing the 
Uncertainty of NIST Measurement Results”, NIST Technical Note 1297, 1994 Edition, 
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B.1  2D Wind Tunnel Calibration 
 
This appendix describes the calibration procedure for the 2D insert boxes in the IWT 
and AWT.  The calibration procedure for each of the 2D insert boxes involved the 
traversing of one or more Cobra probes at the location where the airfoil models were 
to be tested. 
 
Before undertaking the wind-tunnel tests of the Clark-Y airfoil in the 2D insert box in 
the IWT, one Cobra probe was traversed to survey the plane section where the Clark-
Y airfoil was mounted in the 2D insert box in the IWT.  The Clark-Y airfoil model 
was not installed in its position when the Cobra probe was traversed to conduct the 
plane section survey.  A 2D traverse was used to create a cross-sectional plane survey 
of the freestream flow at the location of the Clark-Y airfoil mounting (Figure B.1.1 
and Figure B.1.2).  The plane section where the Clark-Y airfoil was mounted was 
surveyed at a freestream velocity, U∞ of 10 m/sec.  The dimensions of the cross-
sectional survey were 23 (width) × 20 (height) points at intervals of 10 mm in both 
directions (Figure B.1.3).  This cross-sectional survey was centered at the midspan of 
the Clark-Y airfoil model.  The acquired time-averaged Cobra probe data from the 
traversing of the 23 × 20 cross-sectional survey was then interpolated to higher 
resolution and smoothed using a contour and surface plotting program, Surfer6.  The 
cross-sectional survey of the freestream velocity and turbulence intensity at a 
freestream velocity, U∞ of 10 m/sec is shown in Chapter 3. 
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Figure B.1.1.  The calibration setup for the IWT 2D insert box as seen from the exit of 
the 2D insert box (The Clark-Y airfoil was removed before conducting the 
calibration). 
 
 
Figure B.1.2.  Close-up photograph of the calibration setup for the IWT 2D insert box 
as seen from the inlet of the 2D insert box (The Clark-Y airfoil was removed before 
conducting the calibration). 
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Figure B.1.3.  Sketch of the IWT 2D insert box cross-sectional survey (all dimensions 
in mm and not to scale). 
 
The 2D insert box was also calibrated at the location of the airfoil model mount in the 
AWT.  The four Cobra probes were mounted equally spaced at 75 mm on a horizontal 
bar mount.  The four Cobra probes were then traversed by hand using a manual 
traverse in the vertical direction at the location of the airfoil mount (Figure B.1.4 and 
Figure B.1.5). 
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Figure B.1.4.  Photograph of the AWT 2D insert box in its calibration setup as seen 
from the exit of the AWT 2D insert box. 
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Figure B.1.5.  Close-up photograph of the calibration setup for the AWT 2D insert 
box as seen from the exit of the 2D insert box. 
 
Without the airfoil models in place, velocity and turbulence data from a horizontal 
array of Cobra probes were taken in a vertical and horizontal plane normal to the flow 
in the plane section where the flat plate and circular arc cambered airfoil models were 
to be mounted.  At the airfoil models’ location, a coarse 4 × 4 cross-sectional plane 
survey was carried out using four Cobra probes.  This plane is 4 × 4 square cross - 
section having a dimension of 225 mm (width) × 225 mm (height).  The center 
position of the 4 × 4 square matrix plane survey was at the mid-chord and mid-span 
location of the airfoil models (Figure B.1.5).  The velocity and turbulence intensity 
cross-sectional survey of the AWT 2D insert box are provided in Chapter 3. 
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Figure B.1.5.  Sketch of the AWT 2D insert box cross-sectional survey (all 
dimensions in mm and not to scale). 
 
The calibration of the 2D insert boxes in the IWT and AWT was necessary in order to 
make corrections for the actual freestream velocity the flat plate airfoil and circular 
arc cambered airfoil is being subjected to during their wind-tunnel tests.  In addition, 
the cross-sectional freestream velocity surveys of the region where the airfoil models 
were to be mounted were used to verify that the freestream flow that the airfoil 
models was subjected to was nearly uniform, even when the airfoil models were 
subjected to turbulent flow. 
 
The freestream velocity data from the calibration of the IWT and AWT 2D insert 
boxes were compared to the freestream velocity data taken by a fixed pitot-static tube 
connected to an MKS Baratron pressure transducer.  The freestream velocity data 
from the Cobra probes and the pitot-static tube during the 2D wind-tunnel calibrations 
were used in correcting the freestream velocity that was recorded during the all wind-
tunnel tests of the airfoil models. 
 
 
Survey Plane 
4 × 4 points 
75 mm spacing 
225 
225 
 198 
B.2  3D Wind Tunnel Calibration 
 
This appendix describes the 3D calibration of the Industrial Wind Tunnel (IWT).  A 
cross-sectional survey of the velocities and turbulence intensities of the location 
where the rectangular flat plate wing model, circular arc cambered wing model and 
ground plane was constructed in the 3D calibration of the IWT.  The cross-sectional 
survey was performed at approximately 7.7 m from the inlet of the test section of the 
IWT.  The cross-sectional survey was performed with and without the presence of the 
mesh grids.  The cross-sectional survey for each of the flow conditions was done 
before the rectangular flat plate wing model, circular arc cambered wing model and 
ground plane ground plane were installed.  The cross-sectional surveys of the velocity 
and turbulence data from the 3D calibrations are given in Chapter 3. 
 
Four Cobra probes were mounted on an inverted T-shaped mount that was attached to 
a stepper motor driven 2D traverse to perform the cross-sectional survey for the initial 
3D calibration of the IWT.  The dimensions of the cross-sectional survey that was 
used in the initial 3D calibration of the IWT were 1.5 m (width) × 1.0 m (height) 
(Figure B.2.1 and Figure B.2.2).  This 1.5 m (width) × 1.0 m (height) cross-sectional 
survey was made possible by taking two cross-sectional surveys on either side of the 
centerline of the test-section where the wing models’ wind-tunnel tests were to be 
performed. 
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Figure B.2.1.  Setup for the initial 3D calibration of the IWT. 
 
 
Figure B.2.2.  Close-up of the setup for the initial 3D calibration of the IWT. 
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An additional and brief 3D calibration was performed during the actual wind-tunnel 
tests to check the repeatability of the cross-sectional surveys taken in the initial 3D 
calibration of IWT.  This brief 3D calibration during the actual wind-tunnel tests of 
the rectangular flat plate and circular arc cambered wing models consisted of 
measuring the velocity and turbulence intensity at several points in the spanwise 
direction of the rectangular flat plate and circular arc cambered wing models.  The 
rectangular flat plate and circular arc cambered wing models wing models were 
removed when the brief 3D calibration was performed (Figure B.2.3 and Figure 
B.2.4).  This brief 3D calibration during the actual wind-tunnel tests of the rectangular 
flat plate and circular arc cambered wing models compared the velocities being read 
by the pitot-static tube at its location with the velocities being recorded by the Cobra 
probe.  The calibration accounted for the velocity difference due to the location of the 
pitot-static tube from the location of the wing model. 
 
 
Figure B.2.3.  The 3D calibration setup used to conduct the brief 3D calibration. 
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Figure B.2.4.  A close-up of 3D calibration setup used to conduct the brief 3D 
calibration. 
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C.1  TFI Cobra Probe Calibration 
 
This appendix describes the static calibration of the TFI Cobra probes prior to their use in 
measuring the turbulent characteristics of the mesh grids and test sections of the wind 
tunnels used in this research.  Flow angle calibration was also performed to ensure that 
the TFI Cobra probes’ accuracy in determining the flow angles was still viable before 
conducting all the necessary wind-tunnel tests. 
 
The four TFI Cobra probes were calibrated with the aid of a pitot-static tube connected to 
a MKS Baratron pressure transducer.  The MKS Baratron pressure transducer provided 
the reference freestream velocity during the static calibration.  A rotating floor mount 
located in the forward area of the IWT’s test section was utilized to calibrate the Cobra 
probes against the flow angles.  The Cobra probes were actually calibrated against the 
yaw angles using the rotating table floor mount.  The pitch angle response of the Cobra 
probes was assumed to be the same as that for the yaw angle response of the Cobra 
probes.  A diagram and photograph of the flow angle calibration of the TFI Cobra probes 
is shown in Figure C.1.1 and Figure C.1.2. 
 
The static calibration of the TFI Cobra probe consisted of aligning all four TFI Cobra 
probes mounted on the T-shaped mount to a known freestream velocity and flow yaw 
angle.  The four TFI Cobra probes sampled the freestream flow and calculated the mean 
freestream velocity and flow yaw angle.  The mean freestream velocity provided by the 
four TFI Cobra probes was then compared to the calculated freestream velocity given by 
the MKS Baratron pressure transducer.  The flow yaw angles given by four TFI Cobra 
probes were then compared to the rotating floor mount angle setting. 
 
 
 
 
 
 
 203 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1.1.  Static calibration of the four TFI Cobra probes. 
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Figure C.1.2.  Static calibration setup of the four TFI Cobra probes. 
 
The freestream velocity static calibration for TFI Cobra probe #137 is shown Figure 
C.1.3 in the freestream velocity range of 5 m/sec to 16 m/sec.  The flow yaw angle static 
calibration for TFI Cobra probe #137 3 in the freestream velocity range of 5 m/sec to 16 
m/sec is shown in Figure C.1.4. 
 
The variation of the uncertainty at 5 m/sec ≤ U∞ ≤ 16 m/sec in the freestream velocity 
measurement for TFI Cobra probe #137 is shown in Figure C.1.5.  The least accurate 
measurement of the mean freestream velocity using the TFI Cobra probe #137 would 
have an uncertainty of ±0.3 m/sec.  The change in the uncertainty of the flow yaw angle 
at 5 m/sec ≤ U∞ ≤ 16 m/sec determined by TFI Cobra probe #137 is shown in Figure 
C.1.6.  The least accurate flow angle measurement with the use of TFI Cobra probe #137, 
both the flow yaw and pitch angles (assuming that the flow yaw angle = flow pitch angle) 
would have an uncertainty of ±0.4°.  The other three remaining TFI Cobra probes had 
similar static calibration results and accuracy.  The uncertainties in the mean freestream 
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velocity and flow yaw angles measured by the four TFI Cobra probes were determined by 
the methods described by Baylor and Kuyatt(1994). 
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Figure C.1.3  Freestream velocity static calibration for TFI Cobra probe #137 
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Figure C.1.4  Flow yaw angle static calibration for TFI Cobra probe #137. 
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Uncertainty in freestream velocity for TFI Cobra probe 
#137
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0 2 4 6 8 10 12 14 16 18
Pitot-static freestream velocity, U
∞
(ps) (m/sec)
Un
ce
rt
ai
n
ty
 
in
 
fr
ee
st
re
am
 
v
el
o
ci
ty
, 
u
(U
∞∞ ∞∞
(cp
)) (
±
m
/s
ec
)
 
Figure C.1.5  The variation of the uncertainty of the freestream velocity measurement 
using TFI Cobra probe #137. 
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Figure C.1.6  The variation of the uncertainty of the flow yaw angle measurement using 
TFI Cobra probe #137. 
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Baylor, T. N. and Kuyatt, C. E., 1994, “Guidelines for Evaluating and Expressing the 
Uncertainty of NIST Measurement Results”, NIST Technical Note 1297, 1994 Edition, 
NIST, USA, 1994. 
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Appendix C.2  TFI DPMS Calibration 
 
This appendix describes the TFI DPMS in more detail and its calibration for the wind-
tunnel tests.  A description of the TFI DPMS and its basic measurement arrangement is 
given.  This is followed by the description of its operational principle.  Finally, the 
calibration of the TFI DPMS is discussed. 
 
The TFI DPMS described earlier in Chapter 2, consisted of a fifteen channel DP pressure 
transducer module (Figure C.2.1) connected to TFI interface box that is plugged into a 
sixteen channel National Instruments’ PC-6034E series data acquisition card inside a HP 
Compaq Intel Core 2 Duo PC workstation.  An alternative Omega Engineering DAQP-
12/12H/16 PCMCIA data acquisition card was used in using a portable HP Compaq Intel 
Core 2 Duo laptop in the AWT.  Both ADC cards have resolution of 16 bits and were set 
to acquire voltage signals from -10 V to +10 V (bipolar analog voltage inputs).  The 
National Instruments’ PC-6034E series data acquisition card had a maximum sampling 
rate of 200 kHz while the Omega Engineering DAQP-12/12H/16 PCMCIA data 
acquisition card sampled at a maximum of 100 kHz. 
 
The ambient temperature drift during pressure measurements using the DPMS was 
removed using the TFI Device Control Software.  After two or three pressure 
measurements using the DPMS modules for static calibration and for the actual wind-
tunnel tests using the DPMS, the voltage offsets introduced into the pressure transducers 
in the DPMS modules by the ambient temperature drift was removed (“zeroed”) by via 
the TFI Device Control Software (for details, see Milbank, 2007). 
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Figure C.2.1  Fifteen channel TFI Dynamic Pressure (DP) module (Milbank, 2004). 
 
A static calibration was performed in a similar manner to Walter (2007) to evaluate the 
manufacturer’s calibration of the DPMS.  All four of the TFI DPMS were calibrated in a 
static mode prior to being used to record the pressure data from the pressure taps of the 
airfoil and wing models. 
 
The static calibration of the DPMS was simple and straightforward.  A known and steady 
vacuum pressure was applied to the reference pressure port of the DP module being 
calibrated using a plastic syringe while the fifteen channels of the DP module were left 
exposed to ambient pressure.  The known applied vacuum pressure was monitored using 
a standard laboratory manometer.  The pressure data recorded by the fifteen channels of 
the DP module being calibrated was then compared to the applied known pressure to 
determine the error in the pressure measurement in each channel.  A schematic diagram 
and photograph of the static calibration setup for the DPMS is shown in Figures C.2.2 
and C.2.3. 
 
The applied vacuum pressures used for the static calibration of all four DP modules were 
25 Pa, 250 Pa and 375 Pa.  The calibration results for each DP module subjected to the 
applied vacuum pressures of 25 Pa, 250 Pa and 375 Pa are shown in Figures C.2.4 to 
C.2.7. 
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Figure C.2.2.  Schematic sketch of static calibration setup for the DPMS. 
 
Figure C.2.3.  Photograph of the static calibration setup for the DPMS (Walter, 2007). 
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Calibration of DP 0001
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Figure C.2.4.  Static calibration results of DPMS DP module #1. 
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Figure C.2.5.  Static calibration results of DPMS DP module #2. 
 212 
Calibration of DP 0003
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Figure C.2.6.  Static calibration results of DPMS DP module #3. 
Calibration of DP 0004
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Figure C.2.7.  Static calibration results of DPMS DP module #4. 
 
 213 
The static calibration of the TFI DPMS modules was further analyzed to align with the 
low dynamic pressures that would be encountered in this research work.  The resulting 
static calibration of the TFI DPMS modules at the reference dynamic pressures of 15.3 Pa 
to 95.3 Pa is shown in Figure C.2.8.  The reference dynamic pressures of 15.3 Pa to 95.3 
Pa correspond to the wind-tunnel test freestream velocity range of 5 m/sec to 12.5 m/sec. 
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Figure C.2.8.  Static calibration of DPMS modules at 15.3 Pa ≤ qref ≤ 95.7 Pa. 
 
In Figure C.2.9, the standard deviation of the DPMS modules’ output is plotted against 
the input reference dynamic pressure range.  The uncertainty of each of the TFI DPMS 
modules could then be determined according to the NIST guidelines (Baylor, T. N. and 
Kuyatt, C. E., 1994).  In the type A uncertainty procedure stated in the NIST guidelines, 
the uncertainty of a variable could be represented by the standard deviation of the 
sampled variable.  Therefore, from Figure C.2.9, the uncertainties in the TFI DPMS 
pressure measurements ranged from approximately 0.1 Pa to 0.2 Pa in the dynamic 
pressure range of 15.3 Pa to 95.7 Pa. 
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DP 0001 to DP 0004 calibration chart at  qref = 15.3 Pa to 95.7 
Pa 
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Figure C.2.9.  Standard deviation of the static calibration of DPMS modules at 15.3 Pa ≤ 
qref  ≤ 95.7 Pa. 
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